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When T-cells contact an antigenic target or antigen-presenting cell, signaling 
through the T-cell receptor triggers formation of a specialized junction known as the 
immunological synapse (IS). In a previous study, DISC1 (Disrupted in Schizophrenia 1) 
was identified as a component of the IS in T-cells, where it forms a complex with dynein, 
Nde1, and Lis1. Here we show that there are two isoforms of DISC1 expressed in T-cells, 
one (DISC1 Lv) that colocalizes with mitochondria and the other (DISC1 L) that 
accumulates at the IS. The accumulation of DISC1 at the IS is also observed in OT-1 
CTLs and NK cells.  
Additionally, we show that disrupting DISC1 using CRISPR/Cas9 technology 
leads to many changes at the synapse. Each isoform upon reintroduction restores specific 
changes. The translocation of mitochondria was dependent on the Lv isoform. Loss of the 
L isoform results in a defect in MTOC translocation, failure of Nde1 to move from the 
center of the IS to the pSMAC, and greatly reduced actin accumulation at the IS. This last 
effect depends on the association of DISC1 with Girdin, such that loss of expression of 
 vii 
either protein gives the same phenotype. Girdin is involved in cytoskeletal remodeling in 
other cells but its function in T cells has not been previously described.  
The results of this work contribute to the understanding of MTOC translocation 
and mitochondrial movements, but they also generate new questions about the role and 
regulation of actin at the synapse. The loss of actin in Girdin or DISC1 deletions does not 
have a severe effect on MTOC translocation as is seen in cells treated with actin 
inhibitors. However, these treatments lead to a complete loss of Nde1, Lis1, and dynein 
from the synapse, suggesting that the dynein complex is ultimately linked to actin. These 
results point to DISC1 and Girdin functioning in a novel actin signaling pathway working 
at the IS. 
 viii 
Table of Contents 
List of Tables ..................................................................................................................... xi 
List of Figures ................................................................................................................... xii 
Chapter 1: Introduction ........................................................................................................1 
Signaling in T-Cells ....................................................................................................3 
Cell Surface Receptors and the Immunological Synapse ...........................................5 
Actin Signaling in Immunological Synapse Formation ..............................................7 
Molecular Motors and the Microtubule Organizing Center .....................................11 
Similarities Between Neuro and Immune Synapses .................................................13 
Jurkat Cells as a Model for Studying T-cells ............................................................15 
Summary of Findings................................................................................................17 
Chapter 2: Characterizing DISC1 in T-cell Polarization ...................................................18 
Introduction ...............................................................................................................18 
The potential role of DISC1 in T-cell activation ..........................................19 
Materials and Methods..............................................................................................20 
Cell Lines and Reagents ...............................................................................20 
Cell culture ....................................................................................................22 
DISC1 identification and cloning .................................................................22 
DISC1 knockout with CRISPR/Cas9 ...........................................................25 
Preparation of cells for staining ....................................................................26 
SDS-PAGE and Western blotting .................................................................27 
Calcium measurement...................................................................................28 
Preparation anti-TcR coated coverslips ........................................................29 
 ix 
FLAsH-EDT2 synthesis and staining ...........................................................29 
Preparation of bilayer experiments ...............................................................29 
Cytotoxicity assay .........................................................................................30 
Imaging and data processing.........................................................................30 
Results .......................................................................................................................31 
Immunofluorescence of DISC1 in T-cells ....................................................31 
DISC1 isoforms L and Lv are present in Jurkat T-cells ...............................32 
DISC1 siRNA knockdown............................................................................34 
DISC1 knockout is achieved through CRISPR/Cas9 ...................................36 
DISC1 Lv is needed for mitochondria accumulation at the IS .....................38 
DISC1 L in needed for complete MTOC polarization .................................40 
DISC1 knockout does not affect calcium signaling......................................43 
The interaction between Nde1/Lis1 and DISC1 at the IS .............................44 
Cross-sectional time-lapse of Nde1 at the synapse .......................................48 
Cross-sectional time-lapse of dynein at the synapse ....................................51 
DISC1 knockout does not reduce CTL cytotoxicity .....................................52 
DISC1 knockout does not inhibit the organization of LFA-1 or TcR ..........53 
Discussion .................................................................................................................55 
Chapter 3: DISC1, actin organization at the immunological synapse ...............................60 
Introduction ...............................................................................................................60 
Signaling of WASp, WAVE2, and other elements affecting Arp2/3 ...........62 
LFA-1, DISC1, and Girdin ...........................................................................63 
Materials and Methods..............................................................................................64 
 x 
Cell lines, reagents, and antibodies ...............................................................64 
DNA constructs.............................................................................................65 
CRISPR/Cas9 gene knockouts .....................................................................67 
Preparation of cell conjugates for staining ...................................................67 
Immunoprecipitation and Western blotting ..................................................68 
Imaging and data processing.........................................................................70 
Results .......................................................................................................................70 
DISC1 isoform L promotes actin polymerization at the immunological 
synapse ....................................................................................................70 
DISC1 forms a complex with Talin upon T-Cell stimulation ......................73 
Girdin is a DISC1 binding partner ................................................................75 
Girdin promotes actin polymerization at the immunological synapse .........76 
Cytochalasin B and Latrunculin B inhibit MTOC translocation to the 
synapse ....................................................................................................78 
Discussion .................................................................................................................81 
Chapter 4: Conclusions and Future Work ..........................................................................85 
References ..........................................................................................................................93 
 xi 
List of Tables 
Table 2.1: Primers for DISC1 Isoform Identification ........................................................23 
Table 2.2: Statistical analysis on the effects of DISC1 on mitochondria ..........................40 
Table 2.3: Statistical analysis on the effects of DISC1 on MTOC polarization ................43 
Table 4.1: Summary of immune dysfunction seen in DISC1 mutant mice .......................90 
 xii 
List of Figures 
Figure 1.1: Signaling in T-cells ...........................................................................................4 
Figure 1.2: Actin Morphology at the Immunological Synapse..........................................10 
Figure 2.1: Immunofluorescence of DISC1 in T- and NK-cells ........................................32 
Figure 2.2: DISC1 GFP constructs ....................................................................................33 
Figure 2.3: Localization of DISC1 GFP constructs ...........................................................34 
Figure 2.4: DISC1 RNAi ...................................................................................................35 
Figure 2.5: DISC1 CRISPR/Cas9 knockout ......................................................................37 
Figure 2.6: DISC1 Lv is needed for mitochondria accumulation at the IS........................39 
Figure 2.7: DISC1 L is needed for complete MTOC polarization ....................................42 
Figure 2.8: DISC1 KO has no effect on calcium signaling ...............................................44 
Figure 2.9: Nde1 localizes to the IS independently of Nde1 .............................................45 
Figure 2.10: Nde1 does not localize into a ring in the absence of DISC1 .........................47 
Figure 2.11: The DISC1-dependent movement of Nde1 at the IS .....................................49 
Figure 2.12: Immunofluorescence of Nde1/Lis1 interface in Jurkat and OT-1 cells ........50 
Figure 2.13: The DISC1 dependent movement of dynein at the IS ...................................52 
Figure 2.14: DISC1 is not needed in mouse CTL killing ..................................................53 
Figure 2.15: DISC1 depletion does not affect the organization of the cSMAC or 
pSMAC .........................................................................................................54 
Figure 3.1: Actin is depleted from the synapse in the absence of DISC1 L ......................72 
Figure 3.2: Confocal imaging of IS actin in DISC1 knockout ..........................................73 
Figure 3.3: DISC1 immunoprecipitation of Talin..............................................................74 
Figure 3.4: Girdin binds to DISC1 and is needed for abundant actin filaments at the IS..75 
Figure 3.5: Girdin CRISPR/Cas9 and Girdin-GFP Construct ...........................................77 
Figure 3.6: The effects of Girdin knockout on IS actin .....................................................78 
 xiii 
Figure 3.7: MTOC polarization is blocked by actin inhibitors cytochalasin B and 
latrunculin B..................................................................................................79 
Figure 3.8: Actin inhibitors block dynein, Lis1, and Nde1 accumulation at the 
synapse ..........................................................................................................80 
Figure 4.1: Model for DISC1 complex at the immunological synapse .............................88 
 1 
Chapter 1: Introduction 
The ability for an organism to trigger a defense against pathogens, parasites, and 
toxins is one of the most fundamental functions of life. While host defense mechanisms 
exist even in prokaryotes such as the CRISPR/Cas9 system (Marraffini, 2015), and many 
basic mechanisms to immune response are shared among both vertebrates and invertebrates 
(Litman & Cooper, 2007), jawed vertebrates have developed a diverse combinatory 
immune system that consists of specialized cells dedicated to the task. In humans, the 
immune system can be roughly divided into two broad categories: the innate and adaptive 
immune response. The innate immune system is made up of cells such as macrophages, 
neutrophils, and dendritic cells that recognize and respond to pathogens through broad 
patterned recognition of features common to invaders, such as the bacterial endotoxin 
lipopolysaccharide (LPS). Conversely, the adaptive immune system’s humoral and cell-
mediated responses are more specific in the recognition of pathogens, abnormalities, and 
foreign molecules. In the humoral immune response, B lymphocytes (B-cells) produce 
antibodies that are secreted into the blood. Cell-mediated immunity is characterized by T 
lymphocytes (T-cells) that interact with antigens bound to Class I or Class II Major 
Histocompatibility Complex (MHC) molecules. The immune system is adaptive insofar as 
antibody or T-cell receptors (TcR) are generated by a combinatory mechanism (VDJ 
recombination) that creates a huge complement of diverse binding sites that are then 
selected for their binding to an antigen. 
For B-cells to amplify and secrete antibodies, the antigen must first bind to an 
antibody (the B-cell receptor complex; BCR) displayed on the surface of a naïve B-cell. 
The signaling pathways generated through this process trigger B-cells to proliferate and 
differentiate into memory cells and plasma cells that secrete antibody. T-cells are activated 
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by binding to antigens attached to the MHC proteins on the surface of target cells. Of the 
two classes of MHC, class I is expressed by all nucleated cells, and class II is displayed on 
the surface of professional Antigen Presenting Cells (APCs). MHC I displays internal 
peptides derived from infectious agents such as viruses and are recognized by cytotoxic T-
cells. MHC II displays peptides from extracellular antigens that have been internalized and 
processed for recognition by helper T-cells. 
There are two major subsets of T-cells: CD4+ and CD8+ (Golubovskaya & Lu, 
2016). Both T-cell types express TcR and become activated through the binding of TcR to 
an antigen presented on the surface of a target cell. Additionally, both T-cell subsets can 
differentiate into effector or memory T-cells. Effector T-cells can migrate into peripheral 
tissues and carry out immune functions through TcR-mediated binding to targets. Memory 
T-cells are functionally quiescent until re-exposed to an activating antigen, at which point 
they can rapidly proliferate.  
The T-cell subsets are distinguished from each other through the expression of 
different co-receptors (CD4, CD8) in addition to the TcR. These coreceptors trigger 
different internal signaling molecules that lead to different effector functions. The CD8+ 
cells that recognize peptide-MHC I are cytotoxic T-cells (CTLs) that kill virally infected 
or dysfunctional target cells. They do this by either secreting cytotoxins, including perforin 
and granzymes stored in secretory lysosomes, or by activating the Fas death receptor on 
the target cell surface and subsequent triggering of the extrinsic pathway of apoptosis.  
The CD4+ cells include helper (TH) and regulatory T-cells (T-reg), both of which 
recognize peptide-MHC II. TH cells signal to other parts of the immune system by helping 
co-activate other types of T-cells, stimulating B cells into making and secreting antibodies, 
and mediating the activity of cells of the innate immune system. T-regs function to suppress 
the immune response by secreting cytokines that downregulate other immune cells. 
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SIGNALING IN T-CELLS 
Engagement of TcR with peptide-MHC triggers a signaling cascade that leads to 
T-cell activation. TcR binding recruits the Src family kinases Lck and Fyn (Courtney et 
al., 2018). These kinases phosphorylate Immune Receptor Tyrosine-based Activation 
Motifs (ITAMs) of the CD3 and ξ chain of the TcR complex. This leads to the recruitment 
of the tyrosine kinase ZAP70 and phosphorylation of LAT. Phospho-tyrosines on LAT 
(phospho-LAT) then recruit the multimolecular proximal signaling complex (PSC) around 
the TcR. Several different pathways are triggered as a result of the formation of PSC, 
including three transcription factors involved in T-cell activation; Activating Protein 1 
(AP-1), Nuclear Factor for Activation of T-cells (NFAT), and Nuclear Factor Kappa B 
(NFκB) (Figure 1.1). 
The G protein Ras becomes activated by the recruitment of its Guanine Nucleotide 
Exchange Factor (GEF) SoS to phospho-LAT (Courtney et al., 2018). Ras activation 
triggers the MAPK pathway, which promotes the formation of AP-1. Additionally, 
phospho-LAT binds to SLP76 and recruits Phospholipase C γ (PLCγ) to the membrane. 
PLCγ cleaves membrane phospholipids into IP3, which is an activator of CRAC calcium 
channels. Calcium influx into the cell triggers the calcium-dependent activation and 
nuclear translocation of NFAT. Finally, phospholipid cleavage by PLCγ leads to the 
accumulation of diacyl-glycerol around the PSC, which recruits Protein Kinase C θ 
(PKCθ). PKCθ phosphorylates and activates NFκB (Brownlie and Zamoyska, 2013). 
Activation of all three of these transcription factors leads to the increased expression of 
genes for cytokine production and T-cell proliferation. 
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Figure 1.1: Signaling in T-cells 
An illustration outlining a summary of TcR signaling is presented. Following TcR engagement 
with MHC-peptide, Lck and Fyn activate the kinase ZAP70. LAT is phosphorylated by ZAP70, 
and several SH2-containing proteins are subsequently recruited. PLCγ cleaves phosphoinositide 
PIP2 into IP3 and DAG, increasing intracellular Ca2+ as well as activating PKCθ and Ras. These 
factors promote activation and gene expression leading to proliferation and interleukin production. 
SLP76 recruits Vav and other actin signaling factors, which activate several actin-effectors needed 
for IS signaling and increased T-cell motility, including RhoA, Cdc42, and Rac-1 (Adapted from 
Abraham, 2004) (Abraham & Weissen, 2004). 
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CELL SURFACE RECEPTORS AND THE IMMUNOLOGICAL SYNAPSE 
When T-cells contact antigenic targets or antigen presenting cells, they form a 
specialized signaling junction known as the immunological synapse (IS). Early IS 
formation on the T-cell involves activation and subsequent clustering of TcR on the cell 
surface. Initially, TcR is often associated with patches of ordered membrane domains 
known as lipid rafts. Rafts are thicker sections of membrane with high concentrations of 
sphingolipids, cholesterol, and a unique assortment of embedded and anchored proteins 
including glycosylphosphotidylinositol-linked (GPI-linked) proteins. Previous research 
has demonstrated that lipid rafts contain TcR prior to T-cell activation and become 
aggregated into microcluster domains upon TcR signaling (Dinic et al., 2015).  
IS formation is further organized through zones of heavy receptor concentration on 
the cell surface known as Supramolecular Activation Clusters (SMACs). In the classic IS, 
three different SMACs are arranged in concentric rings that form a “bullseye” pattern at 
the contact site. These are the central SMAC or cSMAC, the peripheral SMAC or pSMAC 
and the distal SMAC, or dSMAC. Alternative arrangements of synapse formation have 
been observed, including multifocal synapses. These have been seen in synapses formed 
between T-cells and dendritic cells, and specifically in TH2 CD4+ cells (Dustin et al., 
2014). 
Each SMAC of the IS appears to be composed of unique proteins and are distinct 
in function. The cSMAC consists of high concentrations of the TcR complex, CD4/8, 
CD28, and PKCθ (Monks et al., 2015; Dustin, 2014). T-cell activation requires both TcR 
signaling and CD28 co-stimulation. After initial contact, TcR signaling rapidly recruits 
CTLA4 to the cSMAC from exocytic vesicles, which outcompetes CD28 for its ligand 
(Bour-Jordan et al., 2011). This binding stabilizes CTLA4 at the synapse, which inhibits 
signaling by controlling phosphorylation of the TcR and disrupting the MAPK pathway. 
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CD28 and CTLA4 are also important in positive and negative control of attachment 
between a T-cell and its cognate target cell. This is seen when CD28 antagonists break 
contact between T-cells and target cells, which can be restored with addition of CTLA4 
antagonist (Dilek et al., 2013). 
The pSMAC consists mostly of adhesion receptors such as the integrin Lymphocyte 
Function-Associated Antigen 1 (LFA-1) and Talin, which links LFA-1 to the actin 
cytoskeleton (Monks et al., 2015). At the beginning of synapse formation, LFA-1 forms 
the central region of the synapse but is displaced as TcR begins clustering at the cSMAC 
(Dustin, 2008). LFA-1 also plays a primary role in creating prolonged T-cell contacts with 
target cells. LFA-1 deficient CD4+ and CD8+ T-cells both exhibit defects in priming and 
effector functions, respectively (Hogg et al., 2011). Intermediate affinity binding of LFA-
1 to its target ligand keeps the two cells in close proximity during initial contact. Through 
generation of the IS and the linkage of Talin to actin, LFA-1 undergoes a conformational 
change that converts it to a high affinity receptor (Comrie et al., 2015; Schürpf et al., 2011). 
High affinity LFA-1 is dense at the border between the pSMAC and cSMAC, where it 
forms a “gasket” seal between the T-cell and its target (Hammer, Wang, Saeed, & Pedrosa, 
2018). This creates an isolate “diffusion zone” at the extracellular side of the cSMAC, 
where exocytic signals and cytolytic factors can be efficiently diffused to the target cell. 
The dSMAC consists primarily of CD45 and microclusters of TcR (Dustin, 2014). 
Immunofluorescence live imaging shows that in T-cells attached to planar bilayers covered 
in MHCp, TcR microclusters are the first contact points where MHCp is bound (Alarcón 
et al., 2011). Through the dynamic cycling of receptors in the pSMAC and dSMAC, these 
TcR microclusters are moved to the center of the synapse where the cSMAC is formed. 
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ACTIN SIGNALING IN IMMUNOLOGICAL SYNAPSE FORMATION 
The clustering of receptors into a mature immunological synapse necessitates a 
dynamic rearrangement of cytoskeletal components. The dynamics of actin at the IS can 
be summarized as a leading edge pushing out radially while old actin filaments are pulled 
inwards to be broken down and recycled (Kumari et al., 2018). These dynamics are carried 
out across three separate actin signaling zones, which each have their own independent 
effectors. A summary of how these zones are arranged is given in Figure 1.2.  
Actin foci dependent on actin related proteins 2 and 3 (Arp2/3) form within the 
pSMAC and dSMAC. These generate a dense lamellipodia of branched actin filaments that 
extend across the dSMAC (Hivroz & Saitakis, 2016). Formins are actived at the 
dSMAC/pSMAC border and form concentric arcs of straight actin filaments that are pulled 
inwards towards the cSMAC through the contractile force of myosin (Murugesan et al., 
2016). The flow of the actin network and the force of traction has been shown to organize 
LFA-1 at the pSMAC while facilitating the high-affinity conformation of LFA-1 (Comrie 
et al., 2015). TcR microclusters translocate from the dSMAC to the cSMAC by connecting 
to this actin flow, forming denser clusters of TcR as they move inwards (Yuanqing et al., 
2017). The actin flow is then abruptly broken down at the pSMAC/cSMAC border (Yi, 
Wu, Crites, & Hammer, 2012). Beyond this border, the cSMAC is a loose “hypodense” 
network of actin (Hammer, Wang, Saeed, & Pedrosa, 2018). While initial TcR engagement 
triggers a filipodia-like protrusion at the center of the nascent synapse, the cSMAC is 
cleared of actin in the mature IS. This actin clearance is important in establishing the 
cSMAC as a zone for secretion (Carisey et al., 2018; Ritter et al., 2017).  
Inhibiting actin dynamics at the immunological synapse through actin inhibitors 
has been shown to affect the ability of a T-cell to spread across the bound target cell 
(Jankowska & Burkhardt, 2018). Treatment with Latrunculin, an actin inhibitor which 
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binds to actin monomers and prevents F-actin polymerization, has been shown to eliminate 
actin from the IS (Comrie et al., 2015). Cytochalasin, which inhibits actin polymerization 
by binding to the fast-growing plus ends of actin, was shown to not completely disrupt 
actin at the IS, but instead broke up actin at the synapse up into a series of disordered 
patches. Neither drug was shown to affect TcR localization (tracked with a tagged MHC) 
but did inhibit the tight ring formation of LFA-1 (tracked with a tagged LFA-1 ligand, 
ICAM-1). 
There are several different Guanine Nucleotide Exchange Factors (GEFs) involved 
in actin polymerization that are recruited to the synapse following initial TcR signaling: 
Vav1, Dock 2/8, and SLAT. Phospho-LAT brings SLP76 to the PSC, which in turn recruits 
Vav1 to the synapse. Vav1 has scaffolding function, and has been shown to interact with 
PLCγ, facilitating Ca2+ influx (Braiman et al., 2006). Additionally, Vav1 activates Rho 
family GTPases Cdc42 and Rac-1, which are both effectors for actin polymerization. SLAT 
is also an activator of Cdc42 and Rac-1 (Feau et al., 2013), and becomes recruited to the 
PSC when SLAT is phosphorylated by Lck (Bécart and Altman, 2009). Dock 2 is 
specifically a Rac-1 activator and becomes recruited to the synapse through a member of 
the ELMO family (Harada et al., 2012). Disruption of Dock 2 has been shown to interfere 
with accumulation of TcR and lipid rafts (Sanui et al., 2003). Dock 8 on the other hand is 
specifically a Cdc42 activator (Harada et al., 2012). Disruption of Dock 8 has been shown 
to interfere with LFA-1 polarization at the synapse (Randall et al., 2011). 
Cdc42 and Rac-1 both promote F-actin polymerization by inducing actin nucleation 
through activation of Wiskott-Aldrich syndrome protein family members WASp and 
WAVE2, followed by subsequent activation of Arp2/3 (Kumari et al., 2015). Silencing 
either Arp 2 or Arp 3 directly interferes with the accumulation of actin at the IS (Gomez et 
al., 2007). Disrupting WAVE2 leads to a near complete depletion of actin at the dSMAC, 
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which induces defects in calcium signaling, adhesion, and T-cell spreading across targets 
(Jankowska et al., 2018; Nolz et al., 2006; Nolz et al., 2007). Disruption of WASp 
comparatively results in few morphological changes in the actin architecture but induces 
defects in synapse stability that has led to the idea that WASp repairs and maintains the 
dSMAC (Kumari, Curado, Mayya, & Dustin, 2014; Kumari et al., 2015; Sims et al., 2007). 
Interestingly, the initial formation of filipodia at the cSMAC still occurs independent of 







Figure 1.2: Actin Morphology at the Immunological Synapse 
Actin at the synapse is a complex network divided into several distinct zones. (A) In a mature 
synapse the cSMAC is mostly barren of actin and is described as “hypodense”. It is surrounded by 
rings of concentric arcs of straight filaments that form the pSMAC. Beyond that, the dSMAC is 
rich in branched actin chains. (B-C) The dSMAC extends out as a lamellipodia while the actin arcs 
of the pSMAC are pulled by myosin to the pSMAC/cSMAC boundary where they are 
disassembled. (D) The integrin LFA-1 is most heavily concentrated at this pSMAC/cSMAC 
boundary. (Adapted from Hammer, 2018) (Hammer, Wang, Saeed, & Pedrosa, 2018). 
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MOLECULAR MOTORS AND THE MICROTUBULE ORGANIZING CENTER 
IS formation is accompanied by the translocation of internal cellular elements such 
as mitochondria, the Golgi apparatus, and secretory granules required for effector function. 
This trafficking of organelles and vesicles takes place on microtubules and is carried out 
through the molecular motors kinesin and dynein, as well as their associated adapter 
proteins. 
The typical kinesin motor (eg, Kinesin 2) is a complex made up of two heavy chains 
and two light chains, although there are many different variants within the kinesin 
superfamily (Hirokawa et al., 2010). Dynein is a multimeric protein made up of two heavy 
chains, two intermediate chains, and several light and intermediate-light chains. Both 
motor proteins utilize ATP hydrolysis to cycle through binding and unbinding with 
microtubules in order to move towards a polar end. Both are mechanically different, as 
kinesin is thought to “walk” across the microtubule in processive steps while dynein makes 
short “hops.” Cargo can be attached to either motor protein through a complex of one or 
more adapter proteins, enabling intracellular transport along microtubules. Classically, 
kinesins are involved in anterograde (plus end) directed traffic across microtubules, while 
dynein is involved in retrograde (minus end) directed traffic. 
Central to molecular trafficking within the cell is the Microtubule Organizing 
Center (MTOC), which creates a “hub” for all the microtubule minus ends within the cell. 
The directionality of transport along motors is therefore set by the MTOC, with dynein 
moving towards the MTOC and kinesin moving away from it. During T-cell activation, the 
MTOC is translocated to the IS where it oscillates within the bounds of the cSMAC (Kuhn 
& Poenie, 2002). As the MTOC moves towards the synapse, secretory vesicles move 
towards the MTOC (Martín-Cófreces et al., 2014). This allows for localized secretion to 
occur directly between a T-cell and the target cell. 
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While the exact mechanisms by which MTOC translocates toward the synapse is 
still not fully understood, two primary models have been proposed. In the first model, 
MTOC translocation is reliant on actin at the synapse. This hypothesis suggests that 
microtubules are connected to actin early on in IS formation. The MTOC is then pulled to 
the synapse when actin at the cSMAC of the nascent synapse is reorganized into a ring as 
the IS matures. Stinchcombe et al. (2006) and Banerjee et al. (2007) have previously 
suggested that Cdc42 plays a central role in anchoring microtubules to F-actin accumulated 
at the synapse. Combined with studies that showed Cdc42 depletion had a minimum effect 
on MTOC translocation (Tskvitaria-Fuller et al., 2006), Gomez et al. (2007) questioned 
whether the role Cdc42 had on MTOC translocation was a pleiotropic effect unrelated to 
the actin model. They showed instead that Formins were necessary. It should be noted that 
Formins play a role in acetylating microtubules, stabilizing them (Thurston et al., 2012). 
The necessity of Formins in MTOC translocation may not therefore be in promoting actin 
polymerization but rather by acetylating microtubules. 
The second model of MTOC translocation proposes that dynein is the linker that 
connects microtubules to the pSMAC. Further, as anchored dynein tries to move towards 
the minus end of the microtubule, it pulls the MTOC up to the synapse (Nath et al, 2016). 
Supporting this model, dynein has been shown to accumulate at the synapse in T-cells 
(Combs et al., 2006). Studies in our lab by Laura Christian have shown that sequestering 
dynein through molecular traps blocks MTOC translocation. Further studies by 
Shubhanker Nath have shown that the dynein adapter proteins Neurodevelopment Protein 
1 (Nde1) and Lissencephaly 1 (Lis1) link dynein to the synapse. Knockdown of Nde1 leads 
to a complete block of MTOC translocation (Nath et al., 2016). Secretion at the IS is also 
inhibited, reducing CTL-mediated target cell lysis by ~80%. It is therefore clear that dynein 
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plays a central role in MTOC translocation, although the role that actin may play still needs 
to be resolved. 
SIMILARITIES BETWEEN NEURO AND IMMUNE SYNAPSES 
Both neurons and immune cells form specialized signaling interfaces with other 
cells, also known as a synapse. The term immunological synapse was originally coined by 
Michael Norcross due to its likeness in morphology and function to the neuronal synapse 
(Norcross, 1984). To highlight this, Michael Dustin outlined four characteristics of the 
neuronal synapse that are also true of the IS (Dustin & Colman, 2002). In both synapses, 
cells remain physically separated by a fluid filled space known as the synaptic cleft (Papa 
& Vinuesa, 2018), adhesion molecules like integrin regulate target connections (Lilja & 
Ivaska, 2018; Urlaub, Höfer, Müller, & Watzl, 2017), signals regulate positional stability 
of the pre- and post- synaptic zones (Dustin, Bromley, Kan, Peterson, & Unanue, 1997), 
and areas of the synapse serve as a target for directed secretion (Britt, Farías, Guardia, & 
Bonifacino, 2016; Martín-Cófreces, Baixauli, & Sánchez-Madrid, 2014).  
Originally the IS was only described in terms of being a “functional analogy” to 
neuronal synapses, but it was noted that both synapses shared some proteins such as the 
murine Thy-1 (Haeryfar & Hoskin, 2004; Norcross, 1984). With time, more shared 
molecules have been discovered.  For example, the proteoglycan Agrin is concentrated at 
the synaptic cleft between neurons and muscle cells and is important in the formation of 
neuromuscular junctions through the clustering of acetylcholine receptors (Bezakova & 
Ruegg, 2003). Khan et al discovered that Agrin also accumulates at T-cell immunological 
synapses. In a process like the one found at the neuromuscular junction, they found that 
Agrin lowers the threshold of T-cell activation by clustering IS surface receptors like TcR 
(Khan, Bose, Yam, Soloski, & Rupp, 2001).  
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Beyond their role at the IS, the Nde1/Lis1 complex is well known as being essential 
for proper neurogenesis, with mutations in Nde1 leading to smaller brain size 
(microcephaly) and mutations in Lis1 causing a loss of brain sulci and gyri giving rise to 
lissencephaly (smooth brain) (Di Donato et al., 2017; Wynshaw-Boris, 2007). In neurons 
the Nde1/Lis1 complex has been shown to be involved in several dynein-dependent 
processes including the organization of the Golgi (Lam et al., 2010), spindle pole focusing 
(Moon et al., 2014), and linking dynein to kinetochores (Ye et al., 2017). Through its 
function in neurons, the Nde1/Lis1 complex is said to promote a “persistent force dynein 
state” that is required for dynein-based transport under high-load conditions (McKenney, 
Vershinin, Kunwar, Vallee, & Gross, 2010). 
In neurons Nde1/Lis1 often forms a complex with Disrupted in Schizophrenia 1 
(DISC1), a protein genetically linked to the development of schizophrenia (Burdick et al., 
2008; Soares et al., 2011). Together the DISC1/Nde1/Lis1 complex is involved in 
intracellular transport and mitosis (Bradshaw et al., 2009: Burdick et al., 2008). Through 
this complex, DISC1 is known to regulate the localization and function of Nde1/Lis1. 
DISC1 recruits PDE4 and modulates the PKA-dependent phosphorylation of Nde1, which 
regulates Nde1 binding to Lis1 (Bradshaw et al., 2011). Disruption of DISC1 prevents 
Nde1 from localizing to the kinetochores in mitotic cells, partially depleting dynein from 
those sites and leading to stalling in the metaphase-anaphase transition (Ye et al., 2017). 
To perhaps extend the parallels between T-cells and neurons beyond what is already 
known, our lab has discovered that DISC1 is a component of the T-cell Nde1/Lis1 complex 
(Nath et al, 2016). Our work here shows that DISC1, which to our knowledge has not been 
studied before in T-cells, plays an important role in organizing elements of the 
immunological synapse during T-cell activation. 
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Although there are no direct studies linking DISC1 to immune function, researchers 
have long noted a link between schizophrenia and immune dysfunction. Patients suffering 
from schizophrenia exhibit higher levels of activated lymphocytes in their cerebrospinal 
fluid (Nikkilä et al., 2001) and elevated levels of IFN-gamma and IL-4, two cytokines 
primarily linked with TH cells (Kim et al., 2004; Mittleman et al., 1999). Some studies 
have even suggested that immune dysfunction might cause schizophrenia due to an 
abnormal array of cytokines during brain development. Autoimmunity has a genetic link 
to schizophrenia (Pandarakalam, 2014), and may be an etiological basis for the disease. 
There are also mouse models for DISC1 disruption which report many immune 
abnormalities, including auto-immune disorders (Haran-Ghera, Ben-Yaakov, Peled, & 
Bentwich, 1973; Hutchings, Varey, & Cooke, 1986; Jane-wit et al., 2002; Owens & 
Bonavida, 1976; Rajan, Asensio, Campbell, & Brosnan, 2000; Ritchie & Clapcote, 2013). 
It is possible then that through DISC1 a link might be established between immune cells 
and schizophrenia. 
JURKAT CELLS AS A MODEL FOR STUDYING T-CELLS 
In this study we primarily use the E6.1 Jurkat cell line in order to study the 
components of the immunological synapse and the movement of cellular organelles during 
T-cell activation. Jurkat cells are human T lymphocytes derived from acute lymphoblastic 
leukemia, commonly used as an in vitro model for CD4+ cells (Gioia et al., 2018). In the 
past, a great deal was learned about TcR signaling by using Jurkat cells as a model, 
including the characterization of ZAP70, the identification of ITAM domains, and the role 
of PLCγ in TcR-based signaling to name but a few (Abraham & Weiss, 2004). Although 
research done with Jurkat cells has tapered somewhat, it is still widely used as a model for 
a variety of different molecular studies of T-cell biology. Jurkat cells have been used in the 
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last few years to study HIV infection of T-cells (Hain et al., 2018, Campestrini et al., 2018), 
calcium signaling in T-cells (Caretta et al., 2018; Cherizova et al., 2018), T-cell adhesions 
and cytoskeletal dynamics (Bashour et al., 2014; Hui et al., 2015), and are used in the 
development of CRISPR/Cas9 gene editing tools to study T-cell signaling (Bray et al., 
2018; Liu et al., 2017). 
 Despite this, for all the benefits that Jurkat cells have in being a reliable workhorse 
cell line for studying T-cells, several abnormalities have been identified which present 
potential challenges in comparing Jurkat cells to other T-cells. With relevance to TcR 
signaling, Jurkat cells lack PTEN, a regulator of the PI3K pathway, and shows aberrant 
signaling in that pathway as a result (Gioia et al., 2018). Older studies had suggested that 
Jurkat cells lacked expression of CTLA4 (Lindsten et al., 1993), but there have been 
conflicting findings in later years that suggest Jurkat cells express CTLA4 normally 
(Pistollo et al., 2002), or that Jurkat cells may express CTLA4 at reduced levels compared 
to other T-cells due to a mutation present in the CTLA4 gene (Gioia et al., 2018).  
Many experiments in our study also utilize the superantigen Staphylococcus 
Enterotoxin E (SEE) bound to MHC II on a target cell in order to activate Jurkat cells and 
induce the formation of an immunological synapse. Studies conducted early in the 
investigation of superantigen effects on T-cell activation found that viral superantigens 
showed diminished signaling for Ca2+ influx and a failure to trigger lytic effector functions 
in CD8+ cells (Webb & Gascoigne, 1994). While these signaling abnormalities were not 
observed with bacterial superantigens such as SEE, the use of MHC-SEE over peptide-
MHC stimulation may affect Jurkat signaling, synapse formation, and synapse dissipation 
in so far undiscovered ways. While this model is still a powerful tool in studying T-cell 
biology, understanding the potential limitations of using Jurkat cells is an important 
consideration when discussing the findings of research done primarily with them. 
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SUMMARY OF FINDINGS 
In this study, we have shown that DISC1 is critical in the proper organization of the 
IS during T-cell activation. In Chapter 2, we showed that two DISC1 isoforms are 
expressed in Jurkat cells, DISC1 isoform L and Lv. Cloning these isoforms into an EGFP 
construct to express fusion proteins showed that they have distinct localizations in Jurkat 
cells. DISC1 isoform L-GFP localized to the IS, while DISC1 Lv-GFP localized to 
mitochondria. Through knockout of DISC1 and the reintroduction DISC1 L and Lv we 
showed that these individual isoforms were needed in the complete translocation of the 
MTOC and mitochondria, respectively. In the case of MTOC translocation, we found that 
disruption of DISC1 affected the proper organization of Nde1/Lis1 and dynein at the IS. In 
Chapter 3, we showed that knockout of DISC1 disrupts actin polymerization at the IS, 
which could be restored with DISC1 L. Furthering this connection, we also showed that 
DISC1 is connected to LFA-1 and to Girdin, an actin effector protein and crosslinker as 
yet not reported in T-cell signaling. Finally, we show that the actin network at the IS is 
needed for the recruitment of the Nde1/Lis1/dynein complex, as well as for MTOC 
translocation. Together, this study establishes a connection through DISC1 between 
microtubule-based polarization in the activating T-cell and actin dynamics at the IS. 
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Chapter 2: Characterizing DISC1 in T-cell Polarization 
INTRODUCTION 
One of the major hallmarks to T-cell function is the focused secretion of effector 
molecules (Huse et al., 2008; Stinchcombe et al., 2011; Ueda et al., 2015). The process of 
focused secretion typically happens in a series of steps beginning with the formation of the 
immunological synapse (IS) (Grakoui et al., 1999; Monks et al., 1998). Formation of the 
IS is accompanied by the large-scale polarization of organelles and vesicles facilitated by 
cytoskeletal rearrangement. Many of these processes are microtubule dependent, carried 
out by the molecular motors dynein and kinesin (Dustin & Choudhuri, 2016; Mentlik et 
al., 2010; Nath et al., 2016; Schwindling et al., 2010). Classically, dynein and kinesin move 
cargo in different directions, towards either the microtubule minus or plus ends 
respectively. While there are isoforms of the kinesin motor that can account for movement 
of a variety of cargo, in humans only one cytoplasmic dynein is used (Reck-Peterson et al., 
2018). Linkage of dynein to various cargos is possible through the mediation of specific 
adapter proteins. 
Dynein-bound cargo is directed towards the IS through the repositioning of the 
microtubule organizing center (MTOC). Following contact with a target cell, the MTOC 
is translocated to the IS, where it has been shown to oscillate along the contact site (Kuhn 
& Poenie, 2002). The reorientation of the MTOC has been shown to be dependent on the 
accumulation of dynein at the IS (Combs et al., 2006) in association with the adapter 
proteins Neurodevelopment Protein 1 (Nde1) and Lissencephaly 1 (Lis1) (Nath et al., 
2016). A study by Nath et al (2016) presented a model which shows that dynein becomes 
anchored to the IS through Nde1/Lis1 and “pulls” on microtubules, causing the MTOC to 
be “reeled in” to the IS.  
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The Nde1/Lis1 complex is reportedly used for moving heavy cargo like the MTOC, 
whereas a second dynein complex known as Dynactin is used as an adaptor for moving 
smaller cargo (Nath et al., 2016). The dynein-Dynactin complex has been shown to 
transport of a wide variety of targets including secretory vesicles (Matanis et al., 2002), 
mitochondria (van Spronsen et al., 2013), the Golgi (Short et al., 2002), and endosomes 
(Schroeder & Vale, 2016). Both Dynactin and Nde1/Lis1 are connected to dynein through 
the dynein intermediate chain (DIC) and binding of dynein to either complex is mutually 
exclusive (Nath et al., 2016; Vallee et al., 2012). 
 
The potential role of DISC1 in T-cell activation 
Previous work in our lab has shown that another dynein binding protein called 
DISC1 is present in T-cell dynein complexes. While DISC1 has been studied in neurons, 
virtually nothing is known of its function in T-cells. In neurons, DISC1 has been shown to 
be involved in neurite outgrowth and synapse formation (Kamiya et al., 2006; Mao et al., 
2009), transport of cargo such as mitochondria (Norkett et al., 2016), and the proper 
positioning of the centrosome (Bradshaw et al., 2008). The association of DISC1 with 
Nde1/Lis1 is well established and has been shown to participate in intracellular transport 
(Bradshaw et al. 2008; Brandon et al. 2005; Miyoshi et al. 2004; Morris et al. 2003; Ozeki 
et al. 2003, Wang & Brandon, 2011). Yet while some functions of DISC1 are known, 
understanding its function is complicated by the fact that several isoforms are known and 
the DISC1 interactome includes over 127 different binding partners in the cell (Lipina & 
Roder, 2014).   
In this study we use Jurkat cells and OT-1 transgenic mouse CTLs to show that 
DISC1 is recruited to the immunological synapse where it colocalizes with Nde1, Lis1, and 
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dynein. We identified two known isoforms of DISC1 in Jurkat cells, L and Lv, and show 
that isoform L accumulates at the IS while isoform Lv is associated with mitochondria. 
Using CRISPR/Cas9 knockout techniques, we show that disrupting DISC1 in T-cells 
affects both MTOC and mitochondrial translocation to the synapse. We also show that the 
localization of Nde1/Lis1 and dynein at the synapse is dependent on DISC1. Furthermore, 
normal functions are restored when individual isoforms are re-expressed in the 
CRISPR/Cas9 knockout cells.  
 
MATERIALS AND METHODS 
Cell Lines and Reagents 
The Jurkat (E6.1), Raji, and EL-4 cell lines were obtained from the American Type 
Central Collection. OT-1 splenocytes were obtained from Dr. Lauren Ehrlich. These 
C57BL/6-Tg(TcraTcrb)1100Mjb/J (OT-I) mice were sourced from Jackson Laboratories 
and bred in house. All strains were bred and maintained under specific pathogen-free 
conditions in the University of Texas at Austin animal facility. Experiments were 
performed using mice 1-3 months of age of mixed sex. Mouse maintenance and 
experimental procedures were carried out with approval from the Institutional Animal Care 
and Use at the University of Texas at Austin. 
RPMI 1640 (Cat # 31800022), Opti-MEM (Cat # 31985062), and DMEM media 
(Cat # 12100046) were obtained from Gibco Thermo-Fisher. Heat-inactivated fetal bovine 
serum (FBS) was obtained from Atlas Biologicals (Cat # F-0500-D). The 4 mm gap 
transfection cuvettes were obtained from Fisher Scientific (Cat # FB104). Goat serum (Cat 
# G2093), poly-l-lysine (Cat # P2636), mitomycin C (Cat # M4287), and primers were 
obtained from Sigma-Aldrich. SuperSignal West Pico chemiluminescent substrate solution 
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(Cat # 34580) and X-ray film (Cat # 34090) were obtained from Thermo Scientific. G418 
Sulfate was purchased from Gold Biotechnology (Cat # G-418-5). MMLV reverse 
transcriptase kit was obtained from Epicentre (Cat # RT80110K). RNeasy Midi Kit was 
obtained from Qiagen (Cat # 75144). Mini Plasmid and Midi Fast Ion Plasmid Kits were 
obtained from IBI Scientific (Cat # IB47111, IB47111). All restriction enzymes were 
obtained from New England Biolabs. Xfect transfection reagent was obtained from 
Clonetech (Cat # 631318). ProLong Gold Anti-Fade Mounting Reagent was obtained from 
Life Technologies (Cat # P36930). The Cas9 and DISC1 sgRNA plasmids were obtained 
from Genecopoeia (Cat # CP-LvC9NU-02-B, HCP268459-LvSG03-1-B). Partially 
purified Staphylococcus Enterotoxin E (SEE) was obtained from Toxin Technologies (Cat 
# ET404). OVA fragment peptide (chicken, 257–264 aa, SIINKEKL-OH) was obtained 
from New England Peptide (Cat # BP10-915). 
Rabbit anti-DISC1 antibody (Cat # PA2023) and mouse anti-Talin antibody (Cat # 
MA1092) were obtained from Boster Biological. Rabbit anti-Nde1 antibody was obtained 
from Proteintech Group (Cat # 10233-1-AP). Mouse anti-Lis1 antibody (Cat # L7391), 
rabbit anti-GFP antibody (Cat # G1544), and mouse beta-tubulin antibody (Cat # T8328) 
were obtained from Sigma-Aldrich. Vβ8 anti-TcR antibody was obtained from BD 
Biosciences (Cat # 555604). Goat anti-rabbit AlexaFluor 594 conjugated antibody (Cat # 
A11037) and goat anti-mouse FITC conjugated antibody (Cat # F2012) were obtained from 
Invitrogen. Goat anti-mouse horse radish peroxidase (HRP) conjugated antibody (Cat # 
A9917) and goat anti-rabbit HRP conjugated antibody (Cat # A0545) were obtained from 
Sigma-Aldrich.  
Cell Tracker Blue (CTB; Cat # C2110), MitoTracker CMXRos (Cat # M7512) and 
Rhodamine B Isothiocyanate (Cat # 283924) were obtained from Invitrogen. Propidium 
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Iodide was obtained from Sigma Aldrich (Cat # P4170). Indo-1 AM was obtained from 
Molecular Probes (Cat # I1223). 
 
Cell culture 
Jurkat cells and Raji cells were grown in RPMI 1640 supplemented with 24 mM 
sodium bicarbonate, 1 mM sodium pyruvate, 2 mM l-glutamine, 50 µM beta-
mercaptoethanol, 10,000 U/mL penicillin, 10 mg/mL streptomycin, and 10% (v/v) FBS 
(ACC growth media).  Gryphon cells were grown in DMEM supplemented with 44mM 
sodium bicarbonate, 1 mM sodium pyruvate, 2 mM l-glutamine, 50 µM beta-
mercaptoethanol, 10,000 U/mL penicillin, 10 mg/mL streptomycin, and 10% (v/v) FBS. 
All cells were cultured at 37°C in 5% CO2. 
For expansion and stimulation of OT-1 cells, EL-4 cells were treated with 50µg/ml 
mitomycin C for 2 hours, washed thoroughly, and then treated with 1µM Ova peptide. 
These EL-4 cells were then mixed with OT-1 splenocytes, activated OT-1 cytotoxic T-
lymphocytes (CTLs), or used as targets in immunostaining experiments.  OT-1 CTLs were 
maintained in ACC growth media supplemented with 20 U/ml IL-2. 
 
DISC1 identification and cloning 
We began identifying possible DISC1 isoforms expressed in Jurkat cells by 
adapting an RT-PCR method used by Nakata et al (2009). First, total Jurkat mRNA was 
isolated using the RNeasy Midi Kit. This mRNA was converted into a cDNA library using 
a MMLV reverse transcriptase kit. Using eight different sets of primers, DISC1 exon 
fragments were identified from this cDNA library through PCR (Table 2.1).  
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Primer Number Sequence Target Isoform 
Forward Primer 1 
Reverse Primer 1 
5’ ATGCCAGGCGGGGGTCCTCA 3’ 
5’ GCGAGAGCCGAATAAAGCTA 3’ 
DISC1 L and Lv 
Forward Primer 2 
Reverse Primer 2 
5’ TGGCTCTCACAGTGCCTTTA 3’ 
5’ TGCATCTTCCTGAAGTTTCTGA 3’ 
DISC1 L and Lv 
Forward Primer 3 
Reverse Primer 3 
5’ GACACCCTGCTCAGGAAATG 3’ 
5’ GCTTCCAGCACAAACATCCT 3’ 
DISC1 L and Lv 
Forward Primer 4 
Reverse Primer 4 
5’ TCCATCACGAGACGAGACTG 3’ 
5’ TCCCAGCTTTTTGACATTCC 3’ 
DISC1 L and Lv 
Forward Primer 5 
Reverse Primer 5 
5’ CAGCACCCTGAGGAAGAAAG 3’ 
5’ GGGATGAGGTGAGTCTTCCA 3’ 
DISC1 L and Lv for 
Forward; L for 
Reverse 
Forward Primer 6 
Reverse Primer 6 
5’ GGAAAGTGTGGGAAGCTGAC 3’ 
5’ TCAGGCTTGTGCTTCGTGGA 3’ 
DISC1 L and Lv 
Forward Primer 7 
Reverse Primer 7 
5’ AAGCAATGCATGCTCATTACAG 3’ 
5’ TGTCCAGGACTCTGCATCAC 3’ 
DISC1 S 
Forward Primer 8 
Reverse Primer 8 
5’ TGGTATCCGTTGGTGAATGTG 3’ 
5’ AGTTTGGTTCAGGATGTCGAG 3’ 
DISC1 Es 
Table 2.1: Primers for DISC1 Isoform Identification 
Derived from Nakata et al., 2009. 
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Through this method, DISC1 L and Lv isoforms were identified and verified through 
Sanger sequencing on an Applied Biosystems 3730 DNA Analyzer (UT ICMB Core 
Facilities).  
Full sized DNA fragments for DISC1 isoform L and Lv were synthesized through 
PCR of Jurkat cDNA. Primers containing restriction sites were used to place SalI or XhoI 
at the 5’ end and XmaI at the 3’ end of DISC1 DNA fragments. These DNA fragments 
were then subcloned into the monomeric GFP vectors (pmeGFP) which expressed the GFP 
tag either C terminal (pmeGFP-N1) or N terminal (pmeGFP-C1) to the cloned sequence. 
The end products were pmeGFP-N1-DISC1-L, pmeGFP-N1-DISC1-Lv, pmeGFP-C1-
DISC1-L and pmeGFP-C1-DISC1-Lv. Descriptions of these constructs are explained 
further in Figure 2.2. 
The Nde1-mCherry construct was made by creating DNA fragments of the Nde1 
coding sequence through PCR amplification of a pmeGFP-N1-Nde1 template, as described 
in Nath et al (2016). DNA fragments contained AgeI and XbaI restriction sites on their 5’ 
and 3’ ends, which were used to insert the sequence into the pIRES-PURO3-mCherry 
vector. The pIRES-PURO3-mCherry vector was obtained from Dr. Roger Tsien, and 
subsequently modified using a standard PCR protocol to insert several additional restriction 
sites into the multicloning site. 
Tetracysteine tagged dynein was generated by first creating DNA fragments of the 
dynein intermediate chain (DIC) through PCR amplification of a Jurkat cDNA library, 
which was prepared as described previously in the section. These DNA fragments 
contained the NsiI and NotI restriction sites on their 5’ and 3’ ends. A pCLNCX FLN#MEP 
construct was provided by Dr. Roger Tsien and is described in Martin et al. (2005). This 
construct originally contained a sequence for β-actin which was removed via PCR 
mutagenesis in addition to the insertion of the NsiI restriction site (a modified vector we 
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have named pCLC4) which allowed for the insertion of our DNA fragments containing the 
dynein intermediate chain. 
All DNA constructs were transformed from frozen aliquots of competent bacteria 
suspended in CaCl2 solution. These aliquots were thawed and mixed with DNA constructs, 
then put through heat shock at 43°C. Depending on the concentrations needed, DNA 
constructs were isolated using the Mini Plasmid or Midi Fast Ion Plasmid Kits and plasmid 
sequences were verified by Sanger sequencing. DNA was introduced into Jurkat cells 
through electroporation. For the transformation, Jurkat cells were washed and resuspended 
in Opti-MEM reduced serum media at a cellular concentration of 2×107/mL and incubated 
with 10µg of plasmid DNA 15 minutes at 37°C. Cells were placed in 4mm gap transfection 
cuvettes and pulsed at 250 V (950 µF) using the Gene Pulser Electroporation System (Bio-
Rad). After electroporation, cells were resuspended in fresh ACC growth media. Cells 
containing DISC1 or DIC constructs were grown under selection with 1 mg/mL G418, 
whereas cells containing Nde1 constructs were grown under selection with 2 µg/mL 
puromycin. Selection began 24 hours post-transfection and continued for two weeks. 
Afterwards, cells were sorted for the expression of fluorescent proteins using a FACSAria 
cell sorter. 
 
DISC1 knockout with CRISPR/Cas9 
The Cas9 and DISC1 sgRNA plasmids were transfected into the Gryphon viral 
packaging cell line using the Xfect transfection reagent. Fresh growth media was added 4 
hours post-transfection. Forty-eight hours after transfection, the supernatants containing 
the viral particles were collected. For transduction, Jurkat cells or OT-1 CTLs were 
resuspending in media containing viral particles at a cellular concentration of 2 × 106/mL, 
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supplemented with 8 µg/mL polybrene, and placed in six well plates. These were 
spinfected through centrifugation at 500 × g and 30°C for 1 hour. Following this, cells were 
placed back in 37°C culture conditions to incubate. Centrifugation was repeated after every 
12 hours of incubation, for 36 hours total. After the final centrifugation, the media was 
replaced with fresh growth media. Successful transduction was confirmed through 
observation of GFP and mCherry fluorescent proteins expressed by the Cas9 and sgRNA 
plasmids. Complete knockout of DISC1 in culture was achieved through FACSAria sorting 
of GFP and mCherry expressing cells, followed by verification through DISC1 Western 
blotting of the resultant cells. All cells were grown under selection with 1 mg/mL G418 
Sulfate and 2 µg/mL puromycin. Selection began 36 hours post-transduction and continued 
for two weeks until sorting was conducted with a FACSAria cell sorter. 
 
Preparation of cells for staining 
To prepare coverslips for cell staining and fluorescent microscopy, coverslips were 
first cleaned with a 9:1 mixture of ethanol and 1M KOH for 1 hour. They were then washed 
in dH2O and coated with an aqueous solution of 0.1 µg/mL 30,000-70,000 kDa poly-l-
lysine. These were rinsed again in dH2O and left to dry for 30 minutes at room temperature. 
To prepare Jurkat-Raji cell conjugates, Raji cells were suspended at a concentration 
of 1 × 106/mL in serum-free RPMI 1640 and treated with SEE at 1 µg/mL for 1 hour at 
37°C. They were subsequently stained with 10µM of CTB for 15 minutes at 37°C. Both 
Jurkat and Raji cells were washed with ACC media, paired at ratio of 3:2 Jurkat to Raji 
cells, and centrifuged at a light speed (500 g) for 5 minutes. Cells were then washed again 
with ACC and settled on poly-l-lysine coated coverslips at a total concentration of 1 × 
106/mL for 15 minutes.  
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For immunostaining, cells settled on coverslips were fixed with a Phosphate 
Buffered Saline (PBS) solution of 1% paraformaldehyde for 30 minutes before being 
washed with PBS. Cells were then permeabilized with a 1:1 solution of ice-cold methanol 
and acetone for 15 minutes. Cells were washed again with PBS and blocked with a PBS 
solution of 5% goat serum and 0.5% Tween-20 for 30 minutes. Cells were then stained 
with a 1:50 solution of primary antibody in blocking solution for 1 hour. After primary 
antibody staining, the cells were then washed again with PBS and stained with a 1:100 
solution of secondary antibody for another hour. After a final wash with PBS the coverslips 
were mounted onto slides with ProLong Gold antifade reagent overnight at room 
temperature before being stored long-term at -20°C. 
Live mitochondria staining was achieved by staining Jurkat cells with 1µM 
MitoTracker Red for 15 minutes at 37°C before being conjugated with Raji cells. For 
staining mitochondria in fixed cell conjugates, Jurkat cells were treated with 2µM 
Rhodamine B Isothiocyanate for 15 minutes at 37°C before being conjugated with Raji 
cells and fixed as previously described in this section. 
 
SDS-PAGE and Western blotting 
For Western blots, cells were pelleted at 750 × g and the cell pellet was resuspended 
in lysis buffer containing 200 mM NaCl, 50 mM Tris at pH 8, 2 mM EDTA, 2 mM NaVO4, 
20 mM NaF, 3 mM PMSF, 2 mM Imidazole, 1 mM Na-β-glycerophosphate, and 1% Triton 
X 100. The suspension was then passed through a 21-gage needle repeatedly to 
homogenize, and then clarified at 16,000 × g and 4°C for 10 minutes to remove cell debris. 
The lysate was then mixed with SDS-PAGE loading buffer to a final concentration 
containing 2% (w/v) SDS and 5% (v/v) β-mercaptoethanol. 
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Samples prepared in SDS-PAGE sample buffer were run through SDS-PAGE and 
transferred to nitrocellulose paper for Western blotting. Samples were blocked in a 
blocking solution of TBS with 0.1% Tween and 5% BSA. Primary antibody was then 
added, diluted to a concentration of 1 µg/mL in blocking solution. Primary antibodies were 
tagged with HRP using a goat anti-rabbit or goat anti-mouse HRP conjugated secondary 
antibody and treated with SuperSignal West Pico chemiluminescent substrate solution 
before being exposed to X-ray film. 
 
Calcium measurement 
 To stain Jurkat cells with a calcium tracking dye, cells were washed and 
resuspended to a concentration of 1 × 106 cells per mL in pre-warmed PBS supplemented 
with 5 mM glucose, 1 mM CaCl2, and 1% FBS. Cells were incubated with 1 µM Indo1-
AM for 30 minutes at 37°C, then washed and resuspended with pre-warmed PBS. After an 
additional 10 minutes incubating at 37°C, cells were transferred to 1 mL fluorometer 
cuvettes. Measurement of Indo-1 AM fluorescence was taken with a fluorometer set to 
354nm excitation and 404nm/485nm dual emissions. Throughout measurement, cells were 
kept at 37°C and kept in suspension through agitation from the bottom of the cuvette with 
a metal stir bar. 
To measure calcium signaling after TcR activation, 500 ng/mL Vβ8 anti-TcR 
antibody was added to Indo-1 treated Jurkat cells, then mixed with a bulb pipet. This was 
then followed by the addition of 500 ng/mL rabbit anti-mouse IgG to act as a crosslinker. 
After measurements were taken, 2 µM of ionomycin followed by 0.1 mg/mL digitonin and 
then 2 mM EGTA with 6 mM Tris base were added in order to act as a calibration control. 
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Preparation anti-TcR coated coverslips 
To prepare coverslips, 10 µg/mL solution of mouse Vβ8 anti-TcR antibody was 
coated over dried poly-l-lysine treated coverslips for 3 hours. Coverslips were then washed 
in three 10 minute intervals with PBS and then either used directly or stored for up to 24 
hours at 4°C. Jurkat cells in ACC growth media at a cellular concentration of 1 × 106/mL 
were settled onto antibody coated coverslips and used for imaging studies.  
 
FLAsH-EDT2 synthesis and staining 
FLAsH-EDT2 reagent was prepared as described by Adams & Tsien, 2008 and 
confirmed by HPLC/mass spectrometry. Jurkat cells containing the pCLC4-DIC construct 
were brought to a cellular concentration of 1 × 106/mL in ACC media and treated with 
titrated amounts of FLAsH-EDT2 until it was determined that 1µM FLAsH-EDT2 and 
10µM 1,2-ethanedithiol for 1 hour at 37°C were the best conditions for minimizing 
background fluorescence. After treatment, cells were then washed with ACC containing 
10µM 1,2-ethanedithiol and incubated for 30 minutes at 37°C. Cells were then washed 
again with ACC before use.  
 
Preparation of bilayer experiments 
Jurkat and primary CD4+ T-cells were added to planar bilayers which were 
prepared as described in Steblyanko et al., 2018. The procedure was adjusted by preparing 
bilayers with Cy5-ICAM1-His6 at 1 µg/mL in order to eliminate background fluorescence 




A flow cytometry-based cytotoxicity assay was adapted from previous works 
(Mattis, Bernhardt, Lipp, & Förster, 1997; Nath et al., 2016). Mouse OT-1 CTLs were 
prepared by spinfection using viral particles containing DISC1 sgRNA and Cas9 constructs 
(DISC1 KO) or Cas9 alone (wildtype). CTLs were selected for with puromycin and/or 
G418 for 48 hours before being washed and mixed with EL-4 target cells in a round-bottom 
96-well plate. To distinguish the target cells from the CTLs, EL-4 cells were labeled with 
250nM CFSE for 30 minutes in PBS and then washed twice. Labeled EL-4 cells were then 
used directly for cytotoxicity assay or pulsed with 1μM SIINFEKL peptide for 1 hour. EL-
4 cells were mixed with corresponding CTLs at a ratio of 1:1, 4:1, and 10:1 effectors to 
targets (E:T) to a final volume of 150μl in each well. The plate was incubated at 37°C for 
6 hours. Propidium iodide (PI) was added to a concentration of 100μg/ml at the end of the 
assay and the cells were immediately analyzed for PI- and CFSE-stained cells using a BD 
Accuri C6 Plus flow cytometer. FACS data were analyzed using FlowJo software and 
presented after background normalization. 
 
Imaging and data processing 
Images were viewed using a Nikon inverted microscope and captured using a 
CMOS camera. The images were processed and analyzed using the ImageJ processing 
software. In order to determine protein accumulation at the synapse, a line of length 230 
pixels and width 70 pixels was drawn on the Jurkat-Raji cell pairs such that the mid-point 
of the line (pixel 115) was on the synapse. Background intensity was obtained from a region 
outside the cell pairs and subtracted from the fluorescence intensity. The fluorescence was 
normalized by dividing all the pixel measurements by the average intensity of the row 
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furthest away from the synapse. Beginning at the synapse (row 115), intensity values for 
five-pixel groups were treated as one increment and used for statistical analysis (mean ± 
SE of the mean). The compound mean and standard error for the increments were plotted 
against mean intensity of fluorescence. A one-tailed T-test with independent variance was 
performed for the increments starting from the synapse and moving to the back of the Jurkat 
cell. 
Cross-sectional imaging of the IS was taken with a Zeiss LSM 710 confocal 
microscope from the University of Texas ICMB core facilities. Image processing was done 
by reslicing z-stacks of images using ImageJ. 
 
RESULTS 
Immunofluorescence of DISC1 in T-cells 
DISC1 was initially detected in Jurkat cells by its presence in immunoprecipitants 
of dynein complexes. Depending on which anti-DISC1 Ig was used, immunofluorescence 
showed that DISC1 was either at the immunological synapse (Boster Biological Ig) or in 
large puncta in the cytoplasm (Epitomics Ig) (Figure 2.1A &B). Although the Epitomics 
antibody is no longer available, using the Boster antibody we showed that DISC1 was also 
at the immunological synapse of Natural Killer cells (NK-92) bound to Daudi cells (Figure 




Figure 2.1: Immunofluorescence of DISC1 in T- and NK-cells 
Jurkat cells were paired with SEE-coated Raji cells, fixed and immunostained for DISC1 using two 
different DISC1 antibodies. (A) The Boster antibody showed DISC1 at the synapse (white arrow). 
(B) The Epitomics antibody showed DISC1 in punctates that moved towards the synapse (white 
arrows). Raji cells are labeled ‘R’. DISC1 can also be observed at the synapse immunostained with 
the Boster antibody in (C) NK cells paired with Daudi targets and fixed and (D) OT-1 CTLs paired 
with EL-4 targets and fixed (white arrows). Daudi cells are labeled ‘D’, and EL-4 cells are labeled 
‘E’. 
DISC1 isoforms L and Lv are present in Jurkat T-cells 
The observation of two different localization patterns of DISC1 suggested the 
possibility that there was more than one isoform of DISC1 in Jurkat cells. DNA sequence 
analysis of DISC1 clones revealed that there were two known isoforms present, L and Lv.  
To determine the localization pattern of these isoforms, pmeGFP was fused to either the N 
terminus (DISC1-L-C1-GFP; DISC1-Lv-C1-GFP) or C terminus of each DISC1 isoform 
(DISC1-L-N1-GFP; DISC1-Lv-N1-GFP) which were then expressed in Jurkat cells 
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(Figure 2.2). Neither of the C terminal constructs showed any obvious pattern of 
localization, and in particular they did not match the localization seen by 
immunofluorescence (Figure 2.3A-B). The N terminal-linked GFP constructs did 
correspond to the immunofluorescence data (Figure 2.3C-D). DISC1-L-C1-GFP (hereafter 
referred to as DISC1 L-GFP) localized around the MTOC of unstimulated Jurkat cells and 
accumulated at the IS when Jurkat cells were paired with SEE-coated Raji cells. DISC1-
Lv-C1-GFP (hereafter referred to as DISC1 Lv-GFP) localized to large puncta in the 
cytoplasm of unstimulated Jurkat cells, and these puncta became concentrated near the IS 
of Jurkat-Raji pairs. Further analysis of these puncta using various fluorescent probes 
showed that MitoTracker staining matched the distribution of DISC1 Lv-GFP. 
 
Figure 2.2: DISC1 GFP constructs 
The schematic of different DISC1 GFP fusion proteins is shown, N to C terminus. 
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Figure 2.3: Localization of DISC1 GFP constructs 
Jurkat cells expressing various DISC1 GFP constructs, paired with Raji cells, and imaged based on 
GFP fluorescence. (A) DISC1-L-N1-GFP and (B) DISC1-Lv-N1-GFP did not show any distinct 
subcellular localization. (C) DISC1-L-C1-GFP was found at the immunological synapse (white 
arrow), while (D) DISC1-Lv-C1-GFP localized to punctates which polarized towards the synapse. 
In all pictures Raji cells are labeled ‘R’. 
DISC1 siRNA knockdown 
In order to determine the function of DISC1 in Jurkat cells we initially attempted 
to deplete DISC1 using DISC1-specific siRNA with a scrambled siRNA serving as a 
control. After 6 hours, DISC1 KD cells were stained with MitoTracker and paired with 
SEE-coated Raji cells. We found that KD inhibited the translocation of mitochondria to the 
IS (Figure 2.4A). 
After 6 hours, DISC1 is nearly completely depleted from Jurkat cells, as assessed 
by Western Blots (Figure 2.4B). However, DISC1 quickly reaccumulates in Jurkat cells 
 35 
only 12 hours after being transfected with siRNA. Apart from the disruption of 
mitochondria translocation, we saw minimal effects in the DISC1 KD, which made us 
question whether DISC1 was being completely depleted. This encouraged us to explore 
different methods for depleting DISC1 from Jurkat cells. 
 
 
Figure 2.4: DISC1 RNAi 
(A) Jurkat cells were transfected with control scramble RNA (Control), or siRNA targeting DISC1 
(siRNA). After 6 hours cells were then stained for mitochondria, paired with SEE-coated Raji cells, 
and imaged. (B) Western blotting showed that 6 hours post transfection showed little DISC1 
remaining in the cell. Tubulin was used as a loading control. 
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DISC1 knockout is achieved through CRISPR/Cas9 
Due to uncertainties in the siRNA results, the CRISPR/Cas9 system was used to 
generate a stable DISC1 knockout (KO) line and complete loss of DISC1 expression was 
confirmed by Western blotting (Figure 2.5A). The original CRISPR and sgRNA plasmids 
expressed red or green fluorescent proteins, which interfered with efforts at 
immunostaining. However, by stopping selection, the original plasmids were rapidly lost 
leaving the cells non fluorescent. Immunostaining of these cells for DISC1 showed little or 




Figure 2.5: DISC1 CRISPR/Cas9 knockout 
(A) DISC1 was assayed through Western blotting in wildtype (WT) and DISC1 knockout (KO) 
cells, using Talin as a loading control. (B) WT and KO Jurkat cells were paired with SEE-coated 
Raji cells, fixed and immunostained for DISC1. Raji cells are labeled ‘R’ in the pictures. (C) The 
distribution of DISC1 was analyzed from 30 immunostained images of WT and KO cell pairs, as 
described in the Materials and Methods. The boundary of the IS was defined as the maxima signal 
between the Jurkat and Raji pair. Mean intensity values ± SEM were plotted for 5 pixel-wide 
segments starting at the IS and moving to the back of the cell, then converted to distance in 
micrometers. 
 38 
DISC1 Lv is needed for mitochondria accumulation at the IS 
 A second defect seen in the DISC1 KO cells is a failure of mitochondria to 
accumulate at the IS. To demonstrate this, the same four cell types used for analysis of 
MTOC translocation were used here to analyze mitochondrial movements. For this study 
mitochondria of Jurkat cells were selectively but permanently labeled with Rhodamine 
Isothiocyanate, paired with Raji cells, settled onto poly-l-lysine coverslips, and fixed 
(Figure 2.6). Compared to wildtype Jurkat cells, mitochondria were on average farther from 
the IS in DISC1 KO cells (Figure 2.6A-B), with a p-value of < 0.001 calculated when 
compared using a Student’s T-test. 
 In order to determine if the defect in mitochondria translocation was dependent on 
a particular DISC1 isoform, DISC1 KO cells expressing either DISC1 L-GFP or DISC1 
Lv-GFP were compared to the wildtype and DISC1 KO Jurkat cells.  All four cell types 
were labeled with Rhodamine Isothiocyanate, paired with SEE-coated Raji cells and fixed 
as described above (Figure 2.6C-D). Comparisons showed that there was no significant 
difference between wildtype and DISC1-Lv expressing cells, whereas DISC1-L was not 
significantly different from the KO cells (Figure 2.6E). For a full comparison of results, 




Figure 2.6: DISC1 Lv is needed for mitochondria accumulation at the IS 
(A) Wildtype (WT) Jurkat cells, (B) DISC1 knockout (KO) Jurkat cells, (C) KO cells expressing a 
DISC1 L-GFP construct (KO+L), (D) and KO Jurkat cells expressing a DISC Lv-GFP construct 
(KO+Lv) were stained for mitochondria, paired with SEE-coated Raji cells, and fixed.  The location 
of Raji cells was determined through staining with cell tracker blue and are labeled ‘R’ in other 
pictures. (E) The distribution of mitochondria was analyzed from 30 images of WT, KO, and 
KO+GFP cell pairs, as described in the Materials and Methods. The boundary of the IS was defined 
as the border of the Jurkat cell with the Raji cell, as determined with cell tracker blue staining. 
Mean intensity values ± SEM were plotted for 5 pixel-wide segments starting at the IS and moving 
to the back of the cell, then converted to distance in micrometers.  
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p-values WT KO KO + L KO + Lv 
WT - 0.000215 0.004286 0.440630 
KO - - 0.298783 0.000396 
KO + L - - - 0.006438 
KO + Lv - - - - 
Table 2.2: Statistical analysis on the effects of DISC1 on mitochondria 
Analysis of the results from Figure 2.6 using the Student’s T-Test, one-tailed, unpaired. 
The average intensity of 5 pixel-wide segments across 30 samples for each variable cell 
type were calculated and compared. P values for these comparisons are shown above. 
DISC1 L in needed for complete MTOC polarization 
Having shown that DISC1 was not expressed in the DISC1-KO cell line, wildtype 
and DISC1 KO cells were used to analyze the role of DISC1 in synapse formation and 
organellar movements. To determine the role of DISC1 in MTOC translocation, Jurkat-
Raji pairs were immunostained for tubulin and scored. The data, at first glance, showed 
that loss of DISC1 did not block MTOC polarization. However, there was a subtle 
difference detected when distances between the MTOC and the IS were quantified for 
DISC1-KO and untreated Jurkat cells. We found that the MTOC was on average farther 
from the IS in DISC1 KO cells than in wildtype cells (Figure 2.7A), with a p-value of < 
0.001 calculated when compared using a Student’s T-test. 
In order to determine if the defect in MTOC translocation was dependent on a 
particular DISC1 isoform, DISC1 KO cells expressing either DISC1 L-GFP or DISC1 Lv-
GFP were compared to the wildtype and DISC1 KO Jurkat cells.  All four cell types were 
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paired with SEE-coated Raji cells, immunostained for tubulin and analyzed for MTOC 
translocation as described above (Figure 2.7B). Comparisons showed that there was no 
significant difference between wildtype and DISC1-L expressing cells, whereas DISC1-
Lv was not significantly different from the KO cells (Figure 2.7C). For a full comparison 






Figure 2.7: DISC1 L is needed for complete MTOC polarization 
(A) Wildtype (WT) Jurkat cells, (B) DISC1 knockout (KO) Jurkat cells, KO Jurkat cells expressing 
a (C) DISC1 L-GFP construct (KO+L), and KO Jurkat cells expressing a (D) DISC1 Lv-GFP 
construct (KO+Lv) were paired with SEE-coated Raji cells, fixed and stained for beta-tubulin. The 
location of the MTOC in all samples was determined by taking the signal maxima of beta-tubulin 
stains. The location of Raji cells was determined through staining with cell tracker blue and are 
labeled ‘R’ in other pictures. Distance of the MTOC to the immunological synapse was taken by 
measuring the distance in pixels between the MTOC and the Raji cell. (E) The position of the 
MTOC relative to the immunological synapse was logged for each cell type (n=33) and arranged 
in groups by distance in micrometers (Jurkat size ~12 µm average). Results were compiled from 
the mean number of cells in groupings from four separate experiments with standard error 
calculated. 
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p-values WT KO KO + L KO + Lv 
WT - 0.000051 0.214343 0.000005 
KO - - 0.002251 0.303279 
KO + L - - - 0.000409 
KO + Lv - - - - 
Table 2.3: Statistical analysis on the effects of DISC1 on MTOC polarization 
MTOC positions from different cell types were compared with each other using a Student’s T-Test 
(n=33). P values are shown above. 
DISC1 knockout does not affect calcium signaling 
One way that defects in intracellular organelle movements might arise is through a 
defect in cell signaling. One test for a defect in signaling was to determine if calcium 
transients were altered. To test for this possibility, Untreated and DISC1-KO Jurkat cells 
were loaded with Indo-1 AM, and calcium transients were recorded using a dual emission 
fluorometer (Photon Technology, NJ), (Figure 2.8). No observable difference in calcium 




Figure 2.8: DISC1 KO has no effect on calcium signaling 
Jurkat cells electroporated with control or NDE1 siRNA were loaded with indo-1-AM and 
stimulated with a mouse Vβ8 (anti-TcR) mAb (black arrow) followed by anti-mouse Ig (white 
arrow), and ionomycin (star). Ionomycin was used as control to raise intracellular Ca2+ levels. Data 
are plotted as Indo-1 emission ratios (404/485 nm), normalized to the base level, and are 
proportional to the free calcium ion concentration. 
 
The interaction between Nde1/Lis1 and DISC1 at the IS 
To determine if DISC1 is needed in order to recruit the Nde1/Lis1 complex to the 
IS we compared wildtype Jurkat cells to those where DISC1 was disrupted using the 
CRISPR/Cas9 system. Having shown that there was no DISC1 expression in the KO cells, 
normal and DISC1 KO Jurkat/Raji pairs were immunostained for Nde1 and Lis1. We found 
that Nde1/Lis1 was present at the IS in both cell lines (Figure 2.9A-B), although the amount 
of Nde1 at the synapse of the KO cells was slightly but measurably different than in 




Figure 2.9: Nde1 localizes to the IS independently of Nde1 
(A) Wildtype (WT) Jurkat cells or (B) DISC1 knockout (KO) Jurkat cells were paired with SEE-
coated Raji cells, fixed, and immunostained for Nde1 or Lis1.The location of Raji cells was 
determined through staining with cell tracker blue and are labeled ‘R’ in other pictures. (C) The 
distribution of Nde1 was analyzed from 30 immunostained images of WT and KO cell pairs, as 
described in the Materials and Methods. The boundary of the IS was defined as the maxima signal 
between the Jurkat and Raji pair. Mean intensity values ± SEM were plotted for 5 pixel-wide 
segments starting at the IS and moving to the back of the cell, then converted to distance in 
micrometers.  
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Previous studies showed that Nde1 normally forms a ring at the IS corresponding 
to the pSMAC (Nath et al. 2016). Curiously, using confocal microscopy of Jurkat/Raji 
pairs we found that while Nde1 accumulates in a ring in wildtype Jurkat cells, it does not 
show any distinct localization in DISC1 KO cells (Figure 2.10A-B). Further, KO cells 
expressing DISC1 L or Lv GFP constructs showed a restored distribution of Nde1 into a 




Figure 2.10: Nde1 does not localize into a ring in the absence of DISC1 
(A) Wildtype (WT) Jurkat cells, (B) DISC1 knockout (KO) Jurkat cells, and DISC1 knockout 
Jurkat cells transfected with (C) DISC1 L-GFP (KO+L) or (D) DISC1 Lv-GFP (KO+Lv) were 
paired with SEE-coated Raji cells and fixed. These samples were immunostained for Nde1 and 
Lis1. Cell pairs were imaged using confocal microscopy, with Z slices generated at 0.5 micron 
steps. From direct perspective images of the cell pairs (Direct) and an orthogonal slice of the 
immunological synapse was generated using the Reslice function in ImageJ (Slice). Slices were cut 
along an axis through the Jurkat cell at the interface with the Raji cell. Raji cells are marked with 
‘R’. 
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Cross-sectional time-lapse of Nde1 at the synapse 
In order to see how DISC1 and Nde1 organized at the synapse in real time, and how 
disruption of DISC1 might affect Nde1, we transfected an Nde1-mCherry construct into 
wildtype, KO, and KO cells already expressing DISC1 L-GFP or Lv-GFP. We settled these 
cells onto coverslips coated with Vβ8 TcR antibody and imaged GFP or mCherry 
fluorescence over the course of 180 seconds. In Jurkat cells expressing DISC1 L-GFP, we 
observed that DISC1 initially accumulates at a small patch at the IS and then spreads out 
to form a peripheral ring (Figure 2.11A). 
In wildtype Jurkat cells expressing the Nde1 construct, Nde1-mCherry forms a 
similar pattern as DISC1 L-GFP, initially accumulating at the center before expanding out 
into a ring (Figure 2.11B). In DISC1 KO cells, Nde1-mCherry never forms a ring and 
instead stays within a central spot. The ring pattern of Nde1-mCherry was recovered in 
DISC1 KO cells expressing DISC1 L-GFP, but not in cells expressing DISC1 Lv-GFP. 
This result was replicated and verified through immunofluorescence of endogenous Nde1 
and Lis1 (Figure 2.12A-D). Wildtype OT-1 CTLs and DISC1 knockout OT-1 cells were 
also compared (Figure 2.12E-F). Like our Jurkat DISC1 KO cell line, the absence of DISC1 




Figure 2.11: The DISC1-dependent movement of Nde1 at the IS 
(A) Jurkat cells expressing DISC1 L-GFP were settled onto coverslips coated with Vβ8 anti-TcR 
antibody. Using standard epifluorescence, pictures were taken using of GFP every 60 seconds to 
generate a time-lapse. (B) Wildtype (WT) Jurkat cells, (C) DISC1 knockout (KO) Jurkat cells, (D) 
KO Jurkat cells transfected with DISC1 L-GFP, and (E) KO Jurkat cells transfected with DISC1 
Lv-GFP were all transfected with an Nde1-mCherry construct. Cells were settled onto coverslips 
coated with Vβ8 anti-TcR antibody. Using standard epifluorescence, pictures were taken of 
mCherry every 60 seconds to generate a time-lapse.  
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Figure 2.12: Immunofluorescence of Nde1/Lis1 interface in Jurkat and OT-1 cells 
(A) Wildtype (WT) Jurkat cells, (B) DISC1 knockout (KO) Jurkat cells, (C) KO Jurkat cells 
transfected with DISC1 L-GFP, (D) and KO Jurkat cells transfected with DISC1 Lv-GFP were 
settled onto coverslips coated with Vβ8 anti-TcR antibody, fixed, immunostained for Nde1 or Lis1, 
and imaged using standard epifluorescence microscopy. The same was done for (E) wildtype (WT) 
OT-1 CTLs or (F) OT-1 DISC1 knockout (KO) CTLs. (G) DISC1 was assayed in WT and KO 
cells via Western Blot. No visible DISC1 was detected in the KO cells. Tubulin was used as a 
loading control. 
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Cross-sectional time-lapse of dynein at the synapse 
Previous results showed that Nde1 was required for accumulation of dynein at the 
IS. Since loss of DISC1 affected the localization of Nde1 we sought to determine if the 
distribution of dynein at the IS was similarly affected. To answer this question, a 
tetracysteine tagged dynein intermediate chain (DIC-TC) was expressed in normal and 
DISC1 KO Jurkat cells. Proteins bearing the tetracysteine construct can be selectively 
labeled with the cell permeant fluorescein analog “fluorescein arsenical hairpin binder-
ethanedithiol” (FLAsH-EDT2) (Adams et al., 2002). To minimize nonspecific binding, a 
series of concentrations were initially tested to find the minimum concentration of FLAsH-
EDT2 to give adequate labeling. To monitor the cellular location of dynein during T-cell 
Jurkat cell activation, DIC-TC expressing cells were labeled with FLAsH-EDT2 and 
settled onto coverslips coated in anti-TcR antibody, then imaged for 180 seconds (Figure 
2.12A). The results show that as with Nde1, DIC-TC initially accumulates at the center of 
the IS and then moves outward to form a peripheral ring corresponding to the pSMAC. 
However, in DISC1 KO cells, DIC-TC remains at the center of the synapse.  Normal 
movement of the DIC-TC construct was restored when DISC1 isoform L (but not Lv) was 





Figure 2.13: The DISC1 dependent movement of dynein at the IS 
(A) Wildtype (WT) Jurkat cells and (B) DISC1 knockout (KO) Jurkat cells were transfected with 
a tetracysteine tagged dynein intermediate chain (DIC) construct. Cells were treated with FLAsH-
EDT2, settled onto coverslips coated with Vβ8 anti-TcR antibody, and pictures were taken of 
FLAsH fluorescence every 60 seconds to generate a time-lapse. (C) WT Jurkat cells, (D) KO Jurkat 
cells, (E) KO Jurkat cells expressing DISC1 L-GFP, and (F) KO Jurkat cells expressing DISC1 
Lv-GFP were settled onto coverslips coated with Vβ8 anti-TcR antibody, fixed, immunostained, 
and imaged for DIC.  
DISC1 knockout does not reduce CTL cytotoxicity 
Next, we investigated how these changes in organization of the dynein complex 
might affect the ability of mouse CTLs to lyse specific targets. Wildtype or DISC1 KO 
CTLs were paired and incubated for 6 hours with untreated or peptide-pulsed EL-4 cells at 
various ratios (E:T 1:1, 4:1, or 10:1). Afterwards, propidium iodide (PI) was added to label 
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dead cells. Flow cytometry was then used to quantify PI-stained dead cells and CFSE-
stained target cells (Figure 2.14A). We found no significant difference in target killing 
between wildtype and DISC1 CTLs (p < 0.001).  
 
 
Figure 2.14: DISC1 is not needed in mouse CTL killing 
Wildtype OT-1 CTLs (WT) and OT-1 DISC1 KO cells (KO) were mixed with EL-4 target cells at 
different effector to target ratios (E:T) for 6 h. EL-4 cells were either untreated (-pep) or pretreated 
with SIINFEKL peptide (+pep) as indicated. Target cell lysis was measured by flow cytometry and 
is presented as specific lysis percentage of the total target cells used for each assay condition. 
DISC1 knockout does not inhibit the organization of LFA-1 or TcR 
 Finally, to determine if receptors at the IS still organize into the cSMAC 
and pSMAC we examined the distribution of CD3 and LFA-1 using Cy5-ICAM and FITC 
labeled anti-CD3 Ig anchored to supported lipid bilayers, as described in Stebvlanko et al., 
2018. Cells from normal Jurkat, DISC1 KO, and DISC1 KO cells re-expressing DISC1 L-
GFP or Lv-GFP were settled on the bilayers (Figure 2.15). No dramatic difference was 

























E:T = 1:1 E:T = 4:1 E:T = 10:1
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Figure 2.15: DISC1 depletion does not affect the organization of the cSMAC or pSMAC 
Human CD4+ T-cells derived from PBMCs (A-E), wildtype (WT) Jurkat T-cells (F-J), DISC1 
knockout (KO) Jurkat cells (K-O), and DISC1 knockout Jurkat cells transfected with DISC1 L-
GFP (KO+L) (P-T), or DISC1 Lv-GFP (KO+Lv) (U-Y) were settled onto planar bilayers 
containing fluorescently labeled ICAM1 and anti-CD3 antibody. Cells were then imaged at their 
interface through confocal microscopy. (A, F, K, P, U) Brightfield images of T-cells settled onto 
bilayer. (B, G, L, Q, V) Contact site between the cell and the bilayer taken with Interference 
Reflection Microscopy (IRM). (C, H, M, R, W) CD3 at the contact site visualized through 
fluorescent anti-CD3 antibody. (D, I, N, S, X) LFA-1 integrin at the contact site visualized through 
Cy5-ICAM1. (E, J, O, T, Y) Merged image of IRM, CD3, and LFA-1.  
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DISCUSSION 
To our knowledge, this study is the first to directly document the effects of DISC1 
in T-cells. In this study, we have observed DISC1 expressed in Jurkat cells and OT-1 
cytotoxic T-lymphocytes (CTLs). Further, our work has shown two expressed isoforms, 
DISC1 L and Lv. This is unsurprising, as these two isoforms are the most widely expressed 
in humans (Taylor, Devon, Millar, & Porteous, 2003). The novel contribution of this work 
was the observation of that these isoforms have different localization in Jurkat cells, as 
seen with our N-terminal GFP constructs. We found Lv localized around mitochondria, 
whereas L accumulated at the IS. This result explained our earlier immunofluorescence 
findings whereby DISC1 was stained at both the IS and in puncta depending on the 
antibody used. 
The finding that DISC1 Lv is associated with mitochondria and is needed for 
mitochondrial accumulation at the IS is similar to data obtained from neuronal cells 
(Norkett et al., 2016).  Previous studies have shown that DISC1 is associated with the 
mitochondrial transport and fusion machinery through the interaction with the outer 
mitochondrial membrane GTPase proteins Miro1 and Miro2, the TRAK1 and TRAK2 
mitochondrial trafficking adaptors, and the mitochondrial fusion proteins (mitofusins) 
(Norkett et al., 2016). Furthermore, the DISC1-TRAK-Miro complex is essential for 
mitochondria movements in neurons (Norkett et al., 2016).  These movements are bi-
directional, linking to dynein through the dynactin complex (Morlino et al., 2014) and to 
kinesin (Randall et al., 2013).  
Mitochondria are known to take up calcium in a high capacity but low affinity 
manner. Through their accumulation at the IS, it is thought that mitochondria function as a 
calcium sink that prevents inactivation of calcium channels (Schwindling, 2010). It is also 
believed that mitochondria elevate ATP at the IS (Ledderose et al., 2014). This is supported 
 56 
by studies showing that depolarization of mitochondria at the IS inhibits TcR accumulation 
at the IS (Baixauli et al., 2011). 
Due to the link between mitochondria and sustained calcium signaling in T-cells 
(Gunter & Pfeiffer, 1990), we tested whether DISC1 KO cells affected calcium influx upon 
TcR stimulation. We did not observe a difference in the amplitude or timing of TcR-
stimulated calcium influx between wildtype and DISC1 KO Jurkat cells. One potential 
explanation for this is that antibody stimulation of TcR is non-polarizing compared to 
stimulation through a synapse. Polarization of the mitochondria to the IS may be a 
necessary factor in the mitochondria-dependent effects on T-cell activation. In order to 
track polarized calcium influx during T-cell activation, imaging T-cell/target pairs with a 
calcium tracking dye like fura-2 may be necessary. 
Our data show that DISC1 KO inhibits complete MTOC translocation to the 
synapse, which was only restored by expressing DISC1 L. DISC1 is a binding partner with 
Nde1/Lis1 and colocalizes with the complex at the IS. Previous studies showed that Nde1 
is essential for MTOC translocation to the IS (Nath et al., 2016). While the MTOC does 
still approach the synapse in DISC1 KO, it gets much closer to the IS in wildtype Jurkat 
cells. We found that DISC1 L determines the location of Nde1, Lis1, and dynein at the 
synapse during T-cell activation, which might explain the subtle defects seen in MTOC 
translocation. The movement of these factors also explain some previous observations of 
MTOC translocation seen by Kuhn & Poenie (2002). In that study, modulated polarization 
microscopy was used to track MTOC movements in living T-cells. They showed that the 
MTOC initially moved in essentially a straight line towards the IS. Then, as it neared the 
IS, it began oscillating back and forth along the contact site. This suggests that initial 
movements of the MTOC to the synapse are mediated by the DISC1/Nde1/Lis1/dynein 
complex located at the center of the IS. Then, when the dynein complex expands to form a 
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ring corresponding to the pSMAC, the MTOC is pulled towards the edges of the ring where 
the dynein complexes are located. Competing dynein activity at different positions around 
the ring then give rise to the observed oscillatory MTOC movements.  
It is interesting to consider why this complex moves from the center of the IS to the 
pSMAC. Similar observations have been reported where visible accumulation of actin 
begins at the center of the IS and then spreads peripherally to form a ring that first overlaps 
with, then extends past, the pSMAC giving rise to what is called the D ring. These 
observations suggest that the DISC1/Nde1/Lis1/dynein complex might be tied to the actin 
cytoskeleton and move with it. In support of this, the clearance of actin from the cSMAC 
happens concurrently with MTOC polarization (Ritter et al., 2015). However, based on the 
data collected it does not appear as though the movement of dynein from the cSMAC is 
needed for the secretion of cytolytic vesicles, as we found DISC1 seems to be entirely 
dispensable in CTL killing.  
Focused secretion requires MTOC polarization, as well as Nde1 and dynein (Nath 
et al., 2016; Ogbomo et al., 2018). It is therefore plausible to imagine a model in which the 
movement of dynein from the cSMAC to the pSMAC facilitates a focused secretion zone 
at the cSMAC, which could be important for specific on-target killing. To account for this, 
future experiments examining the effects of DISC1 depletion on CTLs will measure for 
non-specific bystander killing.  
In addition to specificity, focused secretion at the cSMAC could improve turnover 
and lead to more efficient, serial killing of targets. Beal et al. (2009) showed that aberrant 
signaling during T-cell activation could lead to secretion outside the bounds of the cSMAC. 
This led to less efficient killing, as vesicles took longer to reach peripheral secretion sites 
(Beal et al., 2009). To test whether DISC1 depletion might affect this, future experiments 
could expand the conditions of the killing assay to include a greater ratio of targets to 
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effector cells. Alternatively, live imaging could be used to measure the length of time 
involved in CTL to target engagement.  
Beyond cytolytic granule secretion, the proper orientation of the MTOC is also 
important in the efficient deregulation of activation signaling at the IS (Griffiths, Tsun, & 
Stinchcombe, 2010). The positioning of the MTOC directly adjacent to the cSMAC 
promotes the accumulation of cSMAC-derived endosomes containing TcR, LAT, and Lck 
(Finetti et al., 2014; Finetti et al., 2017; Hu et al., 2016; Martínez-Martín et al., 2011; Wi 
et al., 2016). This trafficking process is remarkably similar to intraflagellar trafficking that 
occurs at the primary cilia of most cells, as several ciliary assembly proteins have been 
shown to localize to the MTOC and IS where they participate in this process (Finetti et al., 
2014; Galgano et al., 2017; Vivar et al., 2016). Some of these proteins, like IFT20 and 
IFT54, are also DISC1 binding partners (Berbari et al., 2011; Camargo et al., 2007). In 
fact, in neurons DISC1 has been shown to be connected to receptor targeting at the primary 
cilia, and to ciliary growth in general (Marley & von Zastrow, 2010). Given this 
connection, DISC1 may regulate a similar process at the IS through the correct positioning 
of the MTOC. Future work should explore the interactions between DISC1 and IFT20 and 
IFT54 at the IS and determine whether DISC1 KO influences the accumulation of receptor-
rich endosomes during IS formation. 
In summary, the data presented shows that independent isoforms of DISC1 are 
needed in order to get complete mitochondria and MTOC translocation in T-cells. In the 
case of the latter effect, we found that Nde1/Lis1/dynein, the complex that drives MTOC 
translocation to the IS, requires DISC1 in order to properly organize at the pSMAC. 
Additional research is required to understand the full effects that DISC1 has on T-cell 
signaling and effector function. Given the link between mitochondria translocation to 
calcium and TcR signaling (Baixauli et al., 2011), Nde1/dynein to secretion (Nath et al., 
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2016), and MTOC positioning to receptor endocytosis at the cSMAC (Griffiths, Tsun, & 
Stinchcombe; 2010), there are many pathways by which DISC1 could affect activation. 
Further experiments are necessary in order to place the observations made in this study 
within the larger scope of the immune response.   
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Chapter 3: DISC1, actin organization at the immunological synapse  
INTRODUCTION 
One of the prominent features of the immunological synapse is the accumulation of 
actin which begins at the center or cSMAC of the synapse and then spreads peripherally 
while clearing in the center. However, this rather straightforward pattern of actin dynamics 
does not fully account for the complexity of actin assembly nor its various functions in T 
cells.  Defects in proper actin assembly are associated both with immunodeficiency and 
autoimmune dysfunctions (Wickramarachchi, Theofilopoulos, & Kono, 2010). Of the 
known functions associated with actin the regulation of stable adhesions, formation of TcR 
microclusters needed for sustaining antigenic signaling, calcium entry, and target-specific 
secretion (Hammer, Wang, Saeed, & Pedrosa, 2018).  
Efforts at dissecting the regulation of actin at the IS have shown that there are 
multiple actin nucleators that can be broadly divided into Formin-mediated nucleators 
which generate straight actin filaments and nucleators that act through ARP 2/3 to generate 
branched actin filaments. These nucleators apparently compete for the same pool of actin 
since Formin inhibitors like SMIFH-2 enhance Arp2/3-dependant structures at the IS, 
while Arp2/3 inhibitors such as CK666 enhance Formin-dependent structures (Murugesan 
et al., 2016).  
In T cells, the Formins mDia-1 and FMNL-1 form concentric arcs of straight actin 
filaments that prominent across the pSMAC (Murugesan et al., 2016). Myosin IIA 
organizes these filaments into bundles that move in a retrograde flow from the inner 
boundary of the dSMAC towards the cSMAC where the flow appears to end (Yi, Wu, 
Crites, & Hammer, 2012). This continuously cycling network connects to LFA-1 and TcR 
microclusters, which are located at the pSMAC and cSMAC, respectively (Comrie, Babich, 
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& Burkhardt, 2015). Adapter proteins Talin and Vinculin act as “clutch” molecules that 
connect LFA-1 to this flow and through tension converts LFA-1 into a high affinity state 
(Nolz et al., 2007). 
At the dSMAC, Arp2/3-nucleated filaments form a lamellipodial actin network that 
extends radially to the synapse periphery. This is facilitated by the activation of the Rho 
family GTPases Cdc42 and Rac-1, which in turn activate the nucleation promoting factors 
Wiskott-Aldrich Syndrome Protein (WASp) and WASp-verprolin homologous protein 2 
(WAVE2), respectively. WASp is recruited to the TcR at discrete microclusters within the 
dSMAC (about 33% of total TcR microclusters), where it acts as foci for de novo actin 
polymerization (Kumari et al., 2015). WASp mutant T-cells have minor defects in calcium 
signaling and IL-2 production, which is likely due to the blocked signaling between these 
foci and PLCγ (Cannon & Burkhardt, 2004; Kumari et al., 2015). WASp knockouts also 
have greater difficulty maintaining synapse symmetry and stability (Sims et al., 2007).  
These findings led Kumari, Curado, Mayya, and Dustin to hypothesize that WASp 
establishes nuclei of new actin to assist in “repairing” the dSMAC (Kumari, Curado, 
Mayya, & Dustin, 2014). Yet despite all these proposed effects, loss of WASp leads to 
relatively few gross changes in actin structure (Kumari et al., 2015).  
WAVE2 accumulates at the dSMAC, although it is most prominent at the leading 
edge of lamellipodial protrusions which are constantly extending and retracting over the 
target cell (Nolz et al., 2006). Compared to WASp knockdown, T-cells depleted of 
WAVE2 do not properly form lamellar actin at the dSMAC and have difficulty spreading 
across target surfaces (Nolz et al., 2006). WAVE2 is also needed to recruit Talin to the IS 
and promote the high affinity form of LFA-1, while WAVE2 depleted T-cells have 
difficulty maintaining adhesions with targets (Jankowska et al., 2018; Nolz et al., 2006; 
Nolz et al., 2007). While depletion of WASp and WAVE2 affect calcium signaling at the 
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IS, WAVE2’s effects are independent of PLCγ (Nolz et al., 2006). The current evidence is 
that they are somehow regulating activation of the calcium release activated channels 
(CRAC channels). From all of this it is evident then that WASp and WAVE2 have distinct 
effects and their functions extend beyond simply nucleating actin.  
Signaling of WASp, WAVE2, and other elements affecting Arp2/3 
The actin nucleators WASP and WAVE2 are activated by RAC and possible Cdc42 
which in turn depend on the guanine nucleotide exchange factors (GEFs) that include the 
DOCK180 superfamily and Vav. Vav is activated through the TcR /LAT/SLP-76 or 
ADAP/SLP-76 (Baker et al., 2009; M. Ku, Yablonski, Manser, Lim, & Weiss, 2001; 
Tybulewicz, 2005). Interestingly, there is some evidence that indicates that Vav promotes 
Rac-1 and Cdc42 activation outside its normal GEF function (Miletic et al., 2009). This 
would suggest that GTP exchange at Rac-1 and Cdc42 is instead facilitated by other GEFs, 
such as the Dock180 superfamily (Laurin & Côté, 2014). Supporting this idea, Dock2 and 
Dock8 have been shown to be necessary for the respective accumulation of Rac-GTP and 
Cdc42-GTP during T-cell cell activation, and knockout of Dock2 causes a similar depletion 
of lamellar actin at the IS as WAVE2 knockdown (Janssen et al., 2016; Sanui et al., 2003). 
Dock180-family proteins are recruited to areas dense in the lipid 
phosphatidylinositol (3,4,5) trisphosphate (PIP3) (Laurin & Côté, 2014). Phospho-inositol 
dynamics at the membrane appear to heavily affect the activation and clearance of actin at 
the IS (Huse, 2014). PIP3 also promotes the activation of Akt, which itself is known to 
regulate Cdc42 and Rac-1 during IS formation (Carlin et al., 2011; Sánchez-Martín et al., 
2004). Both TcR and LFA-1 are known to activate PI3-Kinase, which subsequently 
enriches the membrane in PIP3 (Sánchez-Martín et al., 2004; Shim, Jung, & Lee, 2011). 
As clustered TcR and LFA-1 are both sites of actin signaling at the IS, all this suggests that 
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they maintain PIP3-rich zones for recruiting actin-regulating factors like Dock2, Dock8, 
and Akt. Thus, while there is progress unraveling pathways signaling to the actin 
cytoskeleton, much remains uncertain as to how these various signaling pathways are 
regulated, how they direct specific actin functions and how these orchestrate various T cell 
functions.  
LFA-1, DISC1, and Girdin 
Studies detailed in this chapter extend the complexity of actin regulation by 
introducing the new players, Disrupted in Schizophrenia (DISC1) and Girdin. While the 
function of these proteins has not been previously described in T cells, they have been 
studies in some detail in neurons. For example, in neurogenesis DISC1 has been linked to 
formation of actin-based dendritic spines, and to the motility of cortical interneurons which 
depend on Girders of Actin Filaments (Girdin) (Hayashi-Takagi et al., 2010; Steinecke, 
Gampe, Nitzsche, & Bolz, 2014). In addition to being an actin crosslinker, Girdin has also 
been shown to have GEF activity, which leads to the activation of RhoA and Cdc42 in 
human epithelial cells (Leyme, Marivin, Perez-Gutierrez, Nguyen, & Garcia-Marcos, 
2015). Girdin regulates integrin signaling in Glioblastoma and this depends on both DISC1 
and AKT (Gu et al., 2014) (Leyme et al., 2015; Steinecke et al., 2014). Here, the 
Girdin/DISC1 complex recruits PI3K and facilitates Akt phosphorylation in a positive 
feedback loop (Leyme, Marivin, & Garcia-Marcos, 2016; Steinecke et al., 2014) 
Actin and LFA1 are prominent components of the pSMAC where DISC1 and Girdin 
accumulate. However, as we show, DISC1-Girdin, NDE1, and dynein all initially 
accumulate at the center of the IS and them move to the periphery, reminiscent of the 
movements of actin.  We show that DISC1 links to Talin and thus likely also to LFA-1 at 
the pSMAC. Knockout of either DISC1 or Girdin greatly diminishes the formation of actin 
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at the IS in both Jurkat T-cells and mouse OT-1 CD8+ cells. Finally, we show that actin 
inhibitors prevent dynein and other DISC1 binding partners from accumulating at the IS. 
In summary, our findings indicate that the DISC1/Girdin complex becomes associated with 
the IS through LFA-1 and actin and promotes a novel signaling pathway for actin formation 
at the IS. 
MATERIALS AND METHODS 
Cell lines, reagents, and antibodies 
The Jurkat (E6.1) T lymphocytes and Raji B lymphocytes were obtained from the 
American Type Central Collection. Opti-MEM cell media (Cat # 31985062) was obtained 
from Gibco Thermo-Fisher. Heat-inactivated fetal bovine serum (FBS) was obtained from 
Atlas Biologicals (Cat # F-0500-D). The 4 mm gap transfection cuvettes were obtained 
from Fisher Scientific (Cat # FB104). Goat serum (Cat # G2093), poly-l-lysine (Cat # 
P2636), and Cytochalasin B (Cat # C6762) were obtained from Sigma-Aldrich. 
SuperSignal West Pico chemiluminescent substrate solution (Cat # 34580) and X-ray film 
(Cat # 34090) were obtained from Thermo Scientific. G418 Sulfate was purchased from 
Gold Biotechnology (Cat # G-418-5). All restriction enzymes were obtained from New 
England Biolabs. Mini Plasmid and Midi Fast Ion Plasmid Kits were obtained from IBI 
Scientific (Cat # IB47111, IB47111). Xfect transfection reagent was obtained from 
Clonetech (Cat # 631318). ProLong Gold Anti-Fade Mounting Reagent was obtained from 
Life Technologies (Cat # P36930). The Cas9, DISC1, and Girdin sgRNA plasmids were 
obtained from Genecopoeia (Cat # CP-LvC9NU-02-B, HCP268459-LvSG03-1-B, 
HCP259879-LvSG03-1-B). Partially purified Staphylococcus Enterotoxin E (SEE) was 
obtained from Toxin Technologies (Cat # ET404).  
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DISC1 rabbit polyclonal antibody (Cat # PA2023) and Talin mouse monoclonal 
antibody (Cat # MA1092) were obtained from Boster Biological. CCDC88A (Girdin) 
rabbit polyclonal antibody (Cat # A16132) was obtained from Abclonal. Lis1 mouse 
monoclonal antibody (Cat # L7391), GFP polyclonal rabbit antibody (Cat # G1544), and 
beta-tubulin mouse monoclonal antibody (Cat # T8328) were obtained from Sigma-
Aldrich. The TcR Vβ8 mouse monoclonal antibody was obtained from BD Biosciences 
(Cat # 555604). Goat anti-rabbit AlexaFluor 594 conjugated antibody (Cat # A11037) and 
goat anti-mouse FITC conjugated antibody (Cat # F2012) were obtained from Invitrogen. 
Goat anti-mouse horse radish peroxidase (HRP) conjugated antibody (Cat # A9917) and 
goat anti-rabbit HRP conjugated antibody (Cat # A0545) were obtained from Sigma-
Aldrich. Cell Tracker Blue (CTB; Cat # C2110) was obtained from Invitrogen. TRITC 
conjugated Phalloidin (Cat # P-1951) was obtained from Sigma-Aldrich. 
Jurkat and Raji cells were grown RPMI 1640 supplemented with 24 mM sodium 
bicarbonate, 1 mM sodium pyruvate, 2 mM l-glutamine, 50 µM beta-mercaptoethanol, 




We began identifying possible DISC1 isoforms expressed in Jurkat cells by 
adapting an RT-PCR method used by Nakata et al (2009). First, total Jurkat mRNA was 
isolated using the RNeasy Midi Kit. This mRNA was converted into a cDNA library using 
a MMLV reverse transcriptase kit. Using eight different sets of primers, DISC1 exon 
fragments were identified from this cDNA library through PCR (Table 1). Through this 
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method, DISC1 L and Lv isoforms were identified and verified through Sanger sequencing 
on an Applied Biosystems 3730 DNA Analyzer (UT ICMB Core Facilities).  
Full sized DNA fragments for DISC1 isoform L and Lv were synthesized through 
PCR of Jurkat cDNA. A tagless DISC1 construct was made by making DNA fragments of 
DISC1 isoform L and Lv containing the XhoI and XmaI restriction sites. These fragments 
were inserted into a peGFP-N1 vector which contained a premature stop codon at the start 
of the GFP sequence, created through site directed mutagenesis. 
Full-sized Girdin DNA fragments were derived from our Jurkat cDNA library using 
PCR. A C-terminal GFP-tagged Girdin construct was made by first adding XhoI and XmaI 
restriction sites to the ends of Girdin DNA fragments. These fragments were then inserted 
into a peGFP-N1 plasmid. We used a peGFP-C1 plasmid which contained a monomeric 
GFP sequence, using PCR point editing to change the 206th amino acid from an alanine to 
a lysine. 
All DNA constructs were transformed from frozen aliquots of competent bacteria 
suspended in CaCl2 solution. These aliquots were thawed and mixed with DNA constructs, 
then put through heat shock at 43°C. Depending on the concentrations needed, DNA 
constructs were isolated using the Mini Plasmid or Midi Fast Ion Plasmid Kits and plasmid 
sequences were verified by Sanger sequencing. DNA was introduced into Jurkat cells 
through electroporation. For the transformation, Jurkat cells were washed and resuspended 
in Opti-MEM reduced serum media at a cellular concentration of 2×107/mL and incubated 
with 10µg of plasmid DNA 15 minutes at 37°C. Cells were placed in 4mm gap transfection 
cuvettes and pulsed at 250V (950µF) using the Gene Pulser Electroporation System (Bio-
Rad). After electroporation, cells were resuspended in fresh ACC growth media. Cells 
containing constructs were grown under selection with 1 mg/mL G418. Selection began 24 
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hours post-transfection and continued for two weeks. Afterwards sorted for the expression 
of fluorescent proteins using FACSAria cell sorter. 
 
CRISPR/Cas9 gene knockouts 
A DISC1 or Girdin sgRNA plasmid and a Cas9 plasmid were transfected into the 
Gryphon viral packaging cell line using the Xfect transfection reagent. Fresh growth media 
was added 4 hours post-transfection. Forty-eight hours after transfection, the supernatants 
containing the viral particles were collected. For transduction, 2 × 106 Jurkat cells in six 
well plates were spinfected at 500 × g and 30°C for 1 hour with media containing viral 
particles and 8 µg/mL polybrene. Spinfection through centrifugation was repeated every 
12 hours for 36 hours. After the final centrifugation, the media was replaced with fresh 
growth media. Successful transduction was confirmed through observation of GFP and 
mCherry fluorescent proteins expressed by the Cas9 and sgRNA plasmids. Complete 
knockout of DISC1 in culture was achieved through FACSAria sorting of GFP and 
mCherry expressing cells, followed by verification through DISC1 Western blotting of the 
resultant cells. Cells were grown under selection with 1 mg/mL G418 Sulfate and 2 µg/mL 
puromycin. Selection began 36 hours post-transduction and continued for two weeks until 
sorting was conducted with a FACSAria cell sorter. 
 
Preparation of cell conjugates for staining 
To prepare coverslips for cell staining and fluorescent microscopy, coverslips were 
first cleaned with a 9:1 mixture of ethanol and 1M KOH for 1 hour. They were then washed 
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in dH2O and coated with an aqueous solution of 0.1 µg/mL 30,000-70,000 kDa poly-l-
lysine. These were rinsed again in dH2O and left to dry for 30 minutes at room temperature. 
To prepare Jurkat-Raji cell conjugates, Raji cells were suspended at a cellular 
concentration of 1 × 106/mL in serum-free1 RPMI 1640 and treated with SEE at 1 µg/mL 
for 1 hour at 37°C. They were subsequently stained with 10µM of CTB for 15 minutes at 
37°C. In experiments using Cytochalasin B (Cyt-B), Jurkat cells were treated with 20 
μg/mL Cyt-B for 1 hour. Both Jurkat and Raji cells were washed with ACC media, paired 
at ratio of 3:2 Jurkat to Raji cells, and centrifuged at a light speed (500 g) for 5 minutes. 
Cells were then washed again with ACC and settled on poly-l-lysine coated coverslips at a 
total concentration of 1 × 106/mL for 15 minutes.  
For immunostaining, cells settled on coverslips were fixed with a Phosphate 
Buffered Saline (PBS) solution of 1% paraformaldehyde for 30 minutes before being 
washed with PBS. Cells were then permeabilized with a 1:1 solution of ice-cold methanol 
and acetone for 15 minutes. Cells were washed again with PBS and blocked with a PBS 
solution of 5% goat serum and 0.5% Tween-20 for 30 minutes. Cells were then stained 
with a 1:50 solution of primary antibody in blocking solution for 1 hour. After primary 
antibody staining, the cells were then washed again with PBS and stained with a 1:100 
solution of secondary antibody or TRITC-Phalloidin in blocking solution for another hour. 
After a final wash with PBS the coverslips were mounted onto slides with ProLong Gold 
antifade reagent overnight at room temperature before being stored long-term at -20°C. 
 
Immunoprecipitation and Western blotting 
Jurkat cells meant to be stimulated prior to lysis and immunoprecipitation were 
pelleted at 750 × g and resuspended in RPMI at a cellular concentration of 1 × 106/mL. 
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Cells were treated with 500 ng/mL Vβ8 anti-TcR antibody and incubated at 37°C for 30 
minutes. After that, cells were pelleted at 750 × g and resuspended in lysis buffer containing 
200 mM NaCl, 50 mM Tris at pH 8, 2 mM EDTA, 2 mM NaVO4, 20 mM NaF, 3 mM 
PMSF, 2 mM Imidazole, 1 mM Na-β-glycerophosphate, and 1% Triton X 100. The 
suspension was then passed through a 21-gage needle repeatedly to homogenize and 
clarified at 16,000 × g and 4°C for 10 minutes to remove cell debris. 
To prepare beads for immunoprecipitation, 5 µg antibody was added to 300µL PBS 
and 80µL of a 50% slurry of Protein A Agarose beads. This solution was mixed gently on 
a rotator overnight at 4°C. The next day, beads were washed with cell lysis buffer for 15 
minutes and added to cell lysate made from 1×107 Jurkat cells as previously described. 
Cells were then incubated on a rotator at 4°C for 2 hours. Afterwards, cells were washed 
with PBS 4 times before being mixed with SDS-PAGE loading buffer and boiled for 5 
minutes to unbind collected protein from the agarose beads. The lysate was then mixed 
with SDS-PAGE loading buffer to a final concentration containing 2% (w/v) SDS and 5% 
(v/v) β-mercaptoethanol. 
Samples prepared in SDS-PAGE sample buffer were run through SDS-PAGE and 
transferred to nitrocellulose paper for Western blotting. Samples were blocked in a 
blocking solution of TBS with 0.1% Tween and 5% BSA. Primary antibody was then 
added, diluted to a concentration of 1 µg/mL in blocking solution. Primary antibodies were 
tagged with HRP using a goat anti-rabbit or goat anti-mouse HRP conjugated secondary 
antibody and treated with SuperSignal West Pico chemiluminescent substrate solution 
before being exposed to X-ray film.  
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Imaging and data processing 
Images were viewed using a Nikon inverted microscope and captured using a 
CMOS camera. The images were processed and analyzed using the ImageJ processing 
software. In order to determine protein accumulation at the synapse, a line of length 230 
pixels and width 70 pixels was drawn on the Jurkat-Raji cell pairs such that the mid-point 
of the line (pixel 115) was on the synapse. Background intensity was obtained from a region 
outside the cell pairs and subtracted from the fluorescence intensity. The fluorescence was 
normalized by dividing all the pixel measurements by the average intensity of the row 
furthest away from the synapse. Beginning at the synapse (row 115), intensity values for 
five-pixel groups were treated as one increment and used for statistical analysis (mean ± 
SE of the mean). The compound mean and standard error for the increments were plotted 
against mean intensity of fluorescence. A one-tailed T-test with independent variance was 
performed for the increments starting from the synapse and moving to the back of the Jurkat 
cell. 
Cross-sectional imaging of the IS was taken with a Zeiss LSM 710 confocal 
microscope from the University of Texas ICMB core facilities. Image processing was done 
by reslicing z-stacks of images using ImageJ. 
 
RESULTS 
DISC1 isoform L promotes actin polymerization at the immunological synapse 
Rhodamine-phalloidin staining of fixed Jurkat/Raji pairs reveals strong actin 
accumulation in normal Jurkat cells stimulated with SEE-coated Raji cells. The presence 
of detectable actin at the IS significantly diminished in DISC1 KO Jurkat cells compared 
to wildtype controls (Figure 3.1A-C, p < 0.001). The transfection of a tagless DISC1 
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isoform L construct into DISC1 KO cells was observed to recover the presence of an actin 
band, although a similar DISC1 isoform Lv construct did not (Figure 3.1D-E). Using 
DISC1 KO cells expressing GFP tagged DISC1 constructs (prepared as described in 
Chapter 2), we found that cells expressing a tagged DISC1 isoform L or Lv did not form 
an observable band of actin at the IS (Figure 3.1F-G). Imaging a cross-section of the 
immunological synapse through confocal microscopy showed that actin is still present at 
the IS in DISC1 KO cells, though greatly diminished compared to wildtype (Figure 3.2A-
B). All traces of actin at the IS can be eliminated in DISC1 KO cells further treated with 




Figure 3.1: Actin is depleted from the synapse in the absence of DISC1 L 
(A) Wildtype (WT) Jurkat cells and (B) DISC1 knockout (KO) Jurkat cells were paired with SEE-
coated Raji cells and fixed. These samples were stained with TRITC-phalloidin and immunostained 
for Talin. The location of Raji cells was determined through staining with cell tracker blue and are 
labeled ‘R’ in other pictures. (C) The distribution of actin was analyzed from 30 stained images of 
WT and KO cell pairs, as described in the Materials and Methods. The boundary of the IS was 
defined as the maxima signal between the Jurkat and Raji pair. Mean intensity values ± SEM were 
plotted for 5 pixel-wide segments starting at the IS and moving to the back of the cell, then 
converted to distance in micrometers. KO cells expressing (D) DISC1 L (KO+L), (E) DISC1 Lv 
(KO+Lv), (F) DISC1 L-GFP (KO+L-GFP), and (G) DISC1 Lv-GFP (KO+Lv-GFP) were also 
stained through the method described above.  
 73 
 
Figure 3.2: Confocal imaging of IS actin in DISC1 knockout 
(A) Wildtype (WT) Jurkat cells, (B) DISC1 knockout (KO) Jurkat cells, and (C) KO cells treated 
with Latrunculin B (LatB) were paired with SEE-coated Raji cells, fixed, and stained with TRITC-
phalloidin. Cell pairs (Direct) and cross sections of the IS (Slice) under TRITC fluorescence is 
depicted. Cell pairs were imaged using confocal microscopy, with Z slices generated at 0.5 micron 
steps. 
DISC1 forms a complex with Talin upon T-Cell stimulation 
We had previously shown that DISC1 localizes in a ring at the pSMAC, so to bridge 
the connection between DISC1 and the pSMAC and to actin we began to look to probe for 
DISC1 binding partners that are part of focal adhesion complexes. Through 
immunoprecipitation followed by SDS-PAGE and Western Blotting, we found that Talin 
becomes complexed with DISC1 in Jurkat cells stimulated through TcR with Vβ8 antibody 
followed by crosslinking by a secondary antibody (Figure 3.3A). Using DISC1 KO cells 
expressing DISC1 L or Lv GFP constructs, through GFP immunoprecipitation we found 
that DISC1 isoform L is a more prevalent binding partner to Talin compared to DISC1 
isoform Lv (Figure 3.3B).  
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Figure 3.3: DISC1 immunoprecipitation of Talin 
DISC1 was immunoprecipitated from Jurkat cells that were treated and untreated with anti-TcR Ig. 
Samples probed for DISC1 and Talin on blots transferred from SDS-PAGE gels. (A) Talin 
coimmunoprecipitates with DISC1 when Jurka cells are stimulated with anti-TcR. (B) DISC1-GFP 
was immunoprecipitated from lysates of either normal Jurkat cells or DISC1 KO cells, or KO cells 
re-expressing either DISC1 L-GFP or LV-GFP. Control blots for A and B show no obvious 
nonspecific binding to the beads. 
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Girdin is a DISC1 binding partner 
We discovered that the actin associated protein Girdin is expressed in Jurkat cells 
and localizes to the immunological synapse in Jurkat/Raji pairs (Figure 3.4A-B). Through 
immunoprecipitation followed by SDS-PAGE and Western blotting, Girdin was shown to 
form a complex with DISC1 in Jurkat cells (Figure 3.4C). 
 
 
Figure 3.4: Girdin binds to DISC1 and is needed for abundant actin filaments at the IS 
(A) Jurkat cells were fixed and immunostained for Girdin or (B) paired with SEE-coated Raji cells, 
fixed and immunostained for Girdin (Girdin marked by a white arrow). (C) DISC1 was 
immunoprecipitated from Jurkat cells. Samples were then probed for Girdin and DISC1 through 
Western blotting. Control beads (Neg.) showed no obvious nonspecific binding and Girdin and 
DISC1 were detectable in the supernatant (Sup.) of control beads. 
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Girdin promotes actin polymerization at the immunological synapse 
To explore the effect that Girdin disruption has on T-cell activation, we created a 
Girdin CRISPR/Cas9 Knockout Jurkat cell line (Girdin KO). To show that Girdin was 
absent in this cell line, we immunostained Jurkat/Raji pairs for Girdin and found that 
fluorescence was significantly lower in Girdin KO cells compared to wildtype Jurkat cells 
(Figure 3.5A-C, p < 0.001). Through SDS-PAGE and Western blotting we also showed 
that there was no detectable Girdin in our Girdin KO cell line (Figure 3.5D). Additionally, 
we re-expressed a GFP tagged Girdin construct and confirmed that it had the same 
localization as endogenous Girdin (Figure 3.5E-F). 
Similar to what was found in the DISC1 KO cell line, the presence of actin at the 
IS detected through Phalloidin staining was shown to be significantly diminished in Girdin 
KO Jurkat cells compared to wildtype (Figure 3.6A-B, p < 0.001). Using Girdin KO cells 
expressing a GFP tagged Girdin, detectable actin at the IS was recovered and fluorescence 
was shown to not be significantly different than actin from the IS formed in wildtype Jurkat 





Figure 3.5: Girdin CRISPR/Cas9 and Girdin-GFP Construct 
(A) Wildtype Jurkat cells (WT) or (B) Girdin knockout (KO) cells were paired with SEE-coated 
Raji cells and immunostained for Girdin. (C) The distribution of Girdin was analyzed from 30 
immunostained images of WT and KO cell pairs, as described in the Materials and Methods. The 
boundary of the IS was defined as the maxima signal between the Jurkat and Raji pair. Mean 
intensity values ± SEM were plotted for 5 pixel-wide segments starting at the IS and moving to the 
back of the cell, then converted to distance in micrometers. (D) Girdin was assayed through 
Western blotting in WT and KO cells, using beta-Tubulin as a loading control. (E) KO Jurkat cells 
expressing a Girdin GFP construct (KO+Gir) were observed for GFP fluorescence, or (F) paired 
with SEE-coated Raji cells and observed for GFP fluorescence. Fluorescence from Girdin staining 
or GFP fluorescence marked with a white arrow in pictures. In all cell pairs Raji cells are marked 




Figure 3.6: The effects of Girdin knockout on IS actin 
(A) Wildtype (WT) Jurkat cells, (B) Girdin knockout (KO) Jurkat cells, and (C) KO Jurkat cells 
transfected with a GFP-Girdin construct (KO+Gir) were paired with SEE-coated Raji cells and 
fixed. These samples were stained with TRITC-phalloidin and immunostained for Girdin. The 
location of Raji cells were distinguished through staining with cell tracker blue and are labeled ‘R’ 
in other pictures. (D) The distribution of Actin was analyzed from 30 stained images of WT, KO, 
and KO+Gir cell pairs, as described in the Materials and Methods. Mean intensity values ± SEM 
were plotted for 5 pixel-wide segments starting at the IS and moving to the back of the cell, then 
converted to distance in micrometers. 
Cytochalasin B and Latrunculin B inhibit MTOC translocation to the synapse 
We found that the actin inhibitors Cytochalasin B (CytB) and Latrunculin B (LatB) 
diminishes detectable actin at the IS similarly to or greater than DISC1 and Girdin 
knockout. We found that they also disrupt MTOC translocation to the IS (Figure 3.7). This 
disruption was significant (p < 0.0001), but surprisingly also more severe than the 
disruption of MTOC polarization in DISC1 KO cells (p = 0.0002). Through 
immunofluorescence, we also found that these same actin inhibitors also disrupt the 




Figure 3.7: MTOC polarization is blocked by actin inhibitors cytochalasin B and latrunculin B 
(A) Wildtype (WT) Jurkat cells treated with DMSO, (B) DISC1 knockout (KO) cells treated with 
DMSO, (C) WT Jurkat cells treated with Cytochalasin B (CytB), and (D) WT Jurkat cells treated 
with Latrunculin B (LatB) were paired with SEE-coated Raji cells and fixed. Cells were stained for 
Actin with Phalloidin-TRITC and immunostained with beta-tubulin. The location of Raji cells was 
determined through staining with cell tracker blue and are labeled ‘R’ in other pictures. The location 
of the MTOC in all samples was determined by taking the signal maxima of beta-tubulin stains. 
Distance of the MTOC to the immunological synapse was taken by measuring the distance in pixels 
between the MTOC and the Raji cell. (E) The position of the MTOC relative to the immunological 




Figure 3.8: Actin inhibitors block dynein, Lis1, and Nde1 accumulation at the synapse 
Jurkat cells were treated with DMSO, Cytochalasin B (CytB), or Latrunculin B (LatB), paired with 
SEE-coated Raji cells, and fixed. Cells were stained for Actin with Phalloidin-TRITC and 
immunostained for either. (A) Dynein Intermediate Chain (DIC), (B) Lis1, or (C) Nde1. The 
location of Raji cells was determined through staining with cell tracker blue and are labeled ‘R’ in 
other pictures. (D) The distribution of Nde1 was analyzed from 30 immunostained images of CytB 
treated and untreated cell pairs, as described in the Materials and Methods. The boundary of the IS 
was defined as the maxima signal between the Jurkat and Raji pair. Mean intensity values ± SEM 
were plotted for 5 pixel-wide segments starting at the IS and moving to the back of the cell, then 
converted to distance in micrometers.   
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DISCUSSION 
In this study, we found that DISC1 coimmunoprecipitated with Talin when Jurkat 
cells are activated either with anti-TcR antibody or with the PKC activator phorbol 
myristate acetate (not shown).  TcR engagement alone can induce integrin clustering and 
talin accumulation at the pSMAC (Simonson, Franco, & Huttenlocher, 2006). The fact that 
DISC1 also accumulates at the pSMAC and becomes linked to Talin suggests that it is 
ultimately connected to LFA-1 as well. One aspect of these studies is puzzling. Previous 
data showed that DISC1 L is the only isoform that accumulates at the IS, while Lv 
accumulates at mitochondria. Yet both isoforms coimmunoprecipitate with Talin. 
However, yeast two hybrid studies have shown that DISC1 interacts with a number of actin 
binding proteins (Ishizuka et al., 2006). In neurons, actin is needed for short distance 
movements down the axon and for anchoring mitochondria to the cell cortex (Boldogh & 
Pon, 2006). DISC1 also localizes to these actin-rich spines (Hayashi-Takagi et al.,2010). 
In T cells, localization of mitochondria at the pSMAC requires the actomyosin-associated 
Dynamin-like Protein 1 (Drp1) (Baixauli et al., 2011; Ji, Hatch, Merrill, Strack, & Higgs, 
2015; Martín-Cófreces, Vicente-Manzanares, & Sánchez-Madrid, 2018). Thus, it seems 
plausible that DISC1 L and Lv could become intertwined through their connections to the 
actin cytoskeleton. 
The linkage of DISC1 to integrins has some precedent in neurons. For example, 
overexpression of DISC1 leads to higher expression of β1-integrin on the cell surface 
where they accumulated in neurites like dendritic spines (Hattori et al., 2010). Again, this 
connection links DISC1 to actin as well, as one study looking at the regulation of dendritic 
spines showed that DISC1 regulates the activity of Rac to extend spines during the 
formation of neurological synapses (Hayashi-Takagi et al., 2010).  DISC1 isoform L has 
been shown to colocalize to actin stress fibers in some cell types (Taylor, Devon, Millar, 
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& Porteous, 2003). In another study, DISC1 was shown to be needed for the migration of 
cortical neurons and had a direct impact on the regulation of F-actin in the cell (Steinecke 
et al., 2014). RNASeq analysis of neurons that carry a DISC1 frameshift mutation show 
that DISC1 affects the expression of genes related to synapse formation, neurite outgrowth, 
and actin remodeling (Malavasi et al., 2018). 
Our results show that actin at the IS is dramatically reduced in the absence of  
DISC1. This effect was specific to DISC1 since introduction of isoform L in the DISC1 
KO cells restored actin at the IS. This was not seen when DISC1 isoform Lv, was expressed 
in the DISC1 KO cells. It should be noted however that only expression of the native 
DISC1 L isoform, as opposed to the N-terminal GFP-DISC1 L, was able to restore actin 
accumulation at the IS. We suspect this is due to the fact that Girdin, which is also required 
for actin accumulation at the IS, binds to the N-terminus of DISC1. It appears then that the 
GFP tag interferes with Girdin binding (Soares et al., 2011).  
To show that Girdin was required for actin accumulation at the IS, the Girdin gene 
was disrupted using the CRISPR/Cas9 system.  The results from the Girdin KO were 
essentially identical to the DISC1 KO in that little actin accumulated at the IS.  When the 
Girdin-GFP construct was introduced into the Girdin KO line, actin at the IS was restored.   
Girdin is known to be involved in actin remodeling, stress fiber formation and lamellipodia 
formation (Hayashi-Takagi et al., 2010; Leyme, Marivin, Perez-Gutierrez, Nguyen, & 
Garcia-Marcos, 2015; Steinecke, Gampe, Nitzsche, & Bolz, 2014). Our results are thus 
consistent with data from other systems.  Given the activity of Girdin in other cell systems 
we would propose that Girdin is directly involved in stimulating actin accumulation 
whereas DISC1 is responsible for bringing it to the IS.  
Girdin displays a number of different activities in the cell. It crosslinks actin 
filaments but it also stimulates their formation through PI3K/Akt pathway (Leyme et al., 
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2016). Its ability to promote actin assembly appears to depend on one of the Dock GEFs 
(Janssen et al., 2016; Laurin & Côté, 2014; Sanui et al., 2003). Indeed, the degree of actin 
loss at the synapse is similar to the results reported WAVE2 knockdown although the 
WAVE2 knockdown has additional effects on Talin and calcium signaling (Jankowska et 
al., 2018; Nolz et al., 2006).  
We have seen that DISC1, dynein, and Nde1 all seem to show a remarkably similar 
pattern of movement to the peripheral spread of actin (Chapter 2). However, the peripheral 
movement of the DISC1 complex seems to stop at the pSMAC which could be due to the 
linkage with Talin and LFA-1. The parallels to actin movement further extend to the 
clearing of actin at the IS. It has been previously reported that PKCθ inhibits at least some 
of the activities of Girdin (Lopez-Sanchez et al., 2013). Since PKCθ accumulates at the 
center of the synapse, inhibiting Girdin could be responsible for the clearing of actin.  
Our studies have focused on the role of dynein and dynein binding proteins in 
MTOC translocation and organization of the IS. One alternative model for MTOC 
translocation has been the proposal that microtubules become linked to actin such that as 
actin spreads to the periphery, microtubules are drawn with it causing the MTOC to move 
forward (Banerjee et al., 2007; Stinchcombe, Majorovits, Bossi, Fuller, & Griffiths, 2006; 
Gomez et al., 2007). Experimental support for this model shows that treatment of T-cells 
with actin disrupting drugs completely blocked MTOC translocation (Filbert et al., 2012; 
Orange et al., 2003). This effect was distinct from the minor inhibition of the MTOC 
observed in our DISC1 KO cell line we have previously observed (Chapter 2). Thus, there 
is a marked difference between the diminished actin due to DISC1 knockdown compared 
to the effects of Cytochalasin B or Latrunculin. We also found that treatment of T-cells 
with Latrunculin or Cytochalasin B resulted in a complete loss of the Nde1-dynein complex 
from the IS, whereas the DISC1 KO does not prevent the accumulation of the rest of the 
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dynein complex. Previous studies showed that Nde1 was required for recruitment of dynein 
to the IS and for MTOC translocation (Nath et al, 2016). On the other hand, the absence of 
DISC1 and to a large degree, actin, did not block the MTOC from moving most of the way 
to the IS. Therefore, rather than supporting an actin-based model for MTOC translocation, 
the data from these drug treatments support the idea of a linkage between the DISC1 dynein 
complex and actin. They also support the idea that there are multiple pools of actin and that 
loss of actin seen in the DISC1 / Girdin KO cells is different than the loss of actin due to 
treatment with cytochalasin B or latrunculin.    
 A final point to make is how nicely the current results dovetail with the live cell 
modulated polarization microscopy of Kuhn and Poenie (2002). In tracking MTOC 
translocation to the IS they found that initially, the MTOC moved linearly to the IS. 
Then, as the MTOC came near the IS, it began to oscillate laterally. In Chapter 2 we 
showed that the Nde1–dynein complex first accumulates at the center of the IS. Dynein at 
the center of the IS would tend to pull the MTOC straight towards the IS. Then, the 
dynein complex moves peripherally to form a ring through the remodeling of actin and 
DISC1/Girdin. At this point the MTOC would be at the center of the ring and opposing 
dynein forces would act to pull the MTOC laterally in an oscillating manner.  
  
 85 
Chapter 4: Conclusions and Future Work 
The formation of the immunological synapse (IS) is accompanied by a large-scale 
reorganization of the actin and microtubule cytoskeletons. Some have proposed that 
translocation of the Microtubule Organizing Center (MTOC) is due a linkage between actin 
and microtubules. This idea states that as actin moves to the periphery of the IS 
microtubules are pulled laterally, which in turn pulls the MTOC forward (Banerjee et al., 
2007; Stinchcombe, Majorovits, Bossi, Fuller, & Griffiths, 2006). This model seemingly 
derives support from the observation that certain drugs that block actin assembly also block 
MTOC translocation (Filbert et al., 2012; Orange et al., 2003). Our previous studies, on the 
other hand, show that MTOC translocation depends on dynein (Combs et al; Nath et al., 
2016). In this study we have resolved these apparent discrepancies.  
We have characterized the functions of DISC1 in T-cells, including its connection 
to both actin and the dynein complex. Our initial studies of DISC1 showed that it localized 
to the pSMAC where it associated with dynein and the adapter Nde1/Lis1, a complex that 
is needed for MTOC translocation to the IS. Closer examination showed that there were 
two isoforms of DISC1 expressed in Jurkat T-cells, L that accumulated at the IS and Lv 
which localized around mitochondria. By utilizing CRISPR/Cas9 knockout of the DISC1 
gene, as well as GFP constructs for the DISC1 isoforms expressed exogenously in DISC1 
knockout cells, we found that DISC1 depletion blocked the translocation mitochondria to 
the IS (which was recovered by Lv) and prevented the complete translocation of the MTOC 
(which was recovered by L). The latter effect was subtle but significant.  
Having shown that DISC1 forms a complex with Nde1, Lis1 and dynein, we 
examined the dynamics of these proteins at the IS. We found that DISC1 L, Nde1, and 
dynein initially accumulated at the center of the IS before spreading out peripherally to the 
pSMAC. These movements were reminiscent of the distribution and dynamics of actin at 
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the synapse. When DISC1 was disrupted, the normal accumulation of actin at the IS was 
lost while dynein and Nde1 remained at the center of the IS. These results are consistent 
with the idea that movement of the dynein/Nde1/Lis1/DISC1 complex to the pSMAC is 
dependent on forming a connection with the actin cytoskeleton.  
Our data do not support a role for actin as generating the force for MTOC 
translocation. Firstly, dynein is absolutely required for MTOC translocation. This has been 
shown by studies where either inhibition of dynein with molecular traps or loss of dynein 
from the synapse leads to failure of MTOC translocation (Combs et al., 2006; Christian & 
Poenie, unpublished; Nath et al., 2016). Furthermore, in this current study loss of actin 
from DISC1 disruption did not affect the movement of the MTOC to the center of the IS. 
Finally, a fixed connection to an actin ring does not explain the oscillatory movements 
whereas dynein is known to generate similar oscillation (Vogel et al., 2009; Yamamoto, 
West, McIntosh, & Hiraoka, 1999; Yamamoto et al., 2001; Yeh et al., 1995).  
Several observations may give clues as to how DISC1 L might be linked to the 
movements of dynein and NDE1 from the center to the periphery. Firstly, we found that 
DISC1 forms a complex with Talin, thus linking the DISC1/Nde1/dynein complex to LFA-
1 and actin. Secondly, we found that through its association with DISC1, the actin binding 
protein Girdin induces F-actin accumulation at the IS. Lastly, treatment of cells with 
Cytochalasin B or Latrunculin led to a complete loss of the dynein complex from the IS.  
These results suggest a model wherein the dynein complex becomes linked to actin at the 
center of the IS which then moves laterally where the complex becomes linked to LFA-1 
and Talin at the pSMAC (Figure 4.1). This model would explain why treatment of cells 
with Cytochalasin B or Latrunculin results in a failure of MTOC translocation. It is not that 
actin spreading is generating force for MTOC translocation, but rather it is due to the loss 
of dynein from the IS.  
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Our data shows that the dynamics of dynein localization at the IS nicely explains 
the live cell MTOC dynamics at the IS reported by Kuhn and Poenie (2001). They reported 
that the MTOC initially moved linearly towards the IS and then started oscillating laterally 
as it came near to the cSMAC. Their observations are consistent with data shown here that 
dynein is initially located at the center of the IS which would pull in the MTOC directly to 
the cSMAC. However, as dynein moves to form a peripheral ring corresponding to the 
pSMAC, there would be opposing forces pulling on the MTOC laterally. This would be 
expected to result in the observed lateral oscillations of the MTOC.   
These studies of DISC1 help clarify some issues, but they also raise numerous 
questions.  The dramatic loss of actin at the IS due to disruption of DISC1 or Girdin are 
similar in extent to data shown for depletion of WAVE2 (Jankowska et al., 2018; Nolz et 
al., 2006). However, loss of WAVE2 affects calcium signaling whereas loss of DISC1 does 
not. Furthermore, loss of actin due to DISC1 disruption did not have the same effect as 
treatment with Cytochalasin or Latrunculin, indicating that some actin structures remain 
after the loss of DISC1. This was also evident in confocal micrographs that showed a 
greater depletion of actin due to Latrunculin than due to disruption of DISC1.  
How DISC1 might affect signaling during T-cell activation deserves more study. 
In Chapter 2 we suggested that DISC1 may be a down regulator of T-cell activation based 
on its effects on MTOC translocation. This explanation is supported by the fact that DISC1 
disruption often leads to the development of schizophrenia, a mental disorder that is linked 
to hyperactive and autoimmune immune responses resulting in inflammation of the brain 




Figure 4.1: Model for DISC1 complex at the immunological synapse 
A model for how the movement of the MTOC might be explained based on our observations of 
DISC1. In this schema, DISC1 and Nde1 initially accumulate at the synapse, although Nde1 can 
be recruited independently from DISC1. They become associated to the synapse at actin filaments, 
although given our data it is clear that there is an unknown element bringing Nde1/Lis1 to the 
synapse independent of DISC1. After this complex is recruited, dynein motor function can reel the 
MTOC in from the cSMAC. As actin reorganizes, the complex becomes associated with LFA-1 at 




Furthering this association, there are several immune abnormalities that have been 
observed in mice carrying a mutant DISC1 gene. A summary of these observations is 
presented in Table 4.1. Many of the characterized defects on the immune system come 
from inbred Swiss mice (SJL/J, FVB/NJ, and SWR/J) that have been genotyped for a 25bp 
deletion at Exon 6 of the DISC1 gene (Δ25 DISC1del). This mutation results in a premature 
stop codon that produces a non-functional C-terminal truncation of the protein (Ritchie & 
Clapcote, 2013). These mouse lines often develop or are easily susceptible to autoimmune 
dysfunctions (Haran-Ghera, Ben-Yaakov, Peled, & Bentwich, 1973; Hutchings, Varey, & 
Cooke, 1986; Jane-wit et al., 2002; Owens & Bonavida, 1976), including Experimental 
Autoimmune Encephalomyelitis (EAE) (Rajan, Asensio, Campbell, & Brosnan, 2000). 
They also are prone to a CD4+ bias and have hyperactive inflammatory responses driven 
by these cells (E.-M. Kim, Bae, Choi, & Hong, 2012; Turner, Keefe, Sugawara, Yamada, 
& Orme, 2003; Wong et al., 2007). In FVB/NJ and SWR/J mice, cytokines IFNγ, IL-4, IL-
5, and IL-10 have also been shown to be dysregulated under certain conditions. In DISC1 
mutants outside the Swiss mouse model, altered cytokine profiles have also been observed 
in mice expressing a DISC1 C-terminal truncation analogous to the Δ25 mutant or in mice 
expressing a DISC1 point mutant (L100P) that has been shown to inhibit the formation and 
plasticity of neurological synapses in the hippocampus (Cui et al., 2016). These studies 
primarily focused on the development of schizophrenia-like phenotypes in newborn mice, 
using fetal mice presented with a neonatal immune challenge (Maternal Immune 
Activation, MIA). IL-1β, IL-2, IL-5, and IL-6 were among the cytokines observed to be 
affected, either directly through expression of the mutant or in combination with MIA.  
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DISC1 Expressed Observations References 
Δ25 DISC1del 
SJL/J mice 
Reticular cell sarcomas resembling Hodgkin’s disease. 
Complications related to hypersensitivity and autoimmunity. 
High numbers of CD4+ cells. No effects on CD8+ cytotoxic 
killing. Defects in proliferation of CD8+ suppressor cells. 
[1], [2], [3], 
[4], [5] 
FVB/NJ mice High susceptibility to Clonorchis sinensis parasite marked by 
higher IL-4, IL-5, IL-10, IL-13 and TGF-β. Bias to CD4+ over 
CD8+. 
[6], [7] 
SWR/J mice Complications related to autoimmunity. High susceptibility to 
infection by Mycobacterium tuberculosis marked by lower 
amount of intracellular IFNγ, delayed recruitment of effector 
T-cells. Early expulsion of nematode parasites marked by 
higher CD4+ immune response. 




Higher base levels of IL-1β and IL-5. Maternal Immune 




Maternal Immune Activation with poly I:C leads to Higher 




Table 4.1: Summary of immune dysfunction seen in DISC1 mutant mice 
References: [1] Haran-Ghera, et al., 1973. [2] Owens & Bonavida, 1976. [3] Hutchings, 
Varey, & Cooke, 1986. [4] Jane-wit et al., 2002. [5] Rajan, Campbell, & Brosnan, 2000. [6] Kim, 
Bae, Choi, & Hong, 2012. [7] Chaudhuri et al., 2013. [8] Turner et al., 2003. [9] Wong et al., 2007. 
[10] Abazyan et al., 2010. [11] Lipina et al., 2013.  [12] Desbonnet et al., 2017. 
 
IL-2 has pleiotropic effects on T-cell fate but is commonly known to be produced 
by activated CD4+ cells (Ross & Cantrell, 2018). From the other cytokines, some 
connections can be made to the immune dysfunction observed in DISC1 mutant mice. 
Dysregulated IL-1β and IL-6 are prominently involved in autoimmunity and chronic 
inflammation, especially related to CD4+ TH1 cells (Dinarello, 2009; Tanaka, Narazaki, 
& Kishimoto, 2014). Both are upregulated in EAE, to which SJL/J mice are especially 
susceptible (Lin & Edelson, 2017; Quintana et al., 2009; Rajan et al., 2000). This is an 
interesting connection to DISC1 because encephalitis in humans is often misdiagnosed as 
schizophrenia, and shares many of the same hallmarks (Najjar, Steiner, Najjar, & Bechter, 
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2018). Other experiments show that FVB/NJ and SWR/J mice overproduce IL-4, -5, and -
10 in response to infection with a helminth parasite. While these cytokines are normally 
produced by CD4+ cells in such infections, FVB/NJ and SWR/J mice appear to be unable 
to properly regulate this response. The shared characteristics among the Swiss mice appear 
to be a bias towards activating CD4+ immune responses and hyperactivity of those cells 
resulting in overproduction of cytokines (Silva-Filho, Caruso-Neves, & Pinheiro, 2014; 
Zhu, Yamane, & Paul, 2010). An imbalance of IL-1β, IL-2, IL-4, and IL-6 is also 
commonly seen in schizophrenia (Guo, Liu, Wang, Feng, & Zhang, 2015; Y.-K. Kim et 
al., 2004; Schwarz, Müller, Riedel, & Ackenheil, 2001). Given the common connection of 
DISC1 dysfunction between these mice and schizophrenia, it is possible that DISC1 is 
needed to properly regulate the activation of T-cells. 
Connecting all of this to signaling at the IS, future work might look at Cyclin-
dependent kinase 5 (Cdk5). Much like DISC1, Cdk5 regulates actin remodeling in 
neurodevelopment (Shah & Rossie, 2018). Cdk5 is expressed during T-cell activation and 
phosphorylates proteins at the IS like the actin effector Coronin 1a (Askew et al., 2011). 
Although T-cells lacking Cdk5 are still capable of carrying out effector functions, depleting 
the protein from hematopoietic tissue in mice results in resistance to induction of EAE 
(Pareek et al., 2010). Cdk5 has also been shown to promote allogeneic T-cell responses 
related to graft versus host disease (Askew et al., 2017). It is clear then that depleting Cdk5 
has the possibility of attenuating some hyperactive and autoimmune responses. To connect 
this to DISC1, it has been shown that Cdk5 directly interacts with DISC1 binding partners 
Girdin and Nde1. Girdin is phosphorylated by Cdk5 which modulates its interactions with 
Akt (Bhandari et al., 2015). Nde1 is phosphorylated and deregulated by Cdk5 (Pandey & 
Smith, 2011). Through these connections it is therefore possible that Cdk5 and DISC1 
share a similar pool of targets at the IS and may be involved in opposing functions. 
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Exploring this may allow for further characterization on the effects of DISC1 and provide 
a connection to the hyperactive and autoimmune dysfunctions seen in DISC1 mutant mice. 
This initial description of the role DISC1 in T-cells has unveiled a number of roles 
it plays at the synapse and in signaling. It is interesting to think about how these findings 
add further parallels between immunological and neuronal synapses. Furthermore, it raises 
the question of whether DISC1 might be linked to schizophrenia through its effects on the 
immune system.  In the past, some models for schizophrenia pointed to immune system 
dysregulation during development as the cause of schizophrenia. For example, the 
possibility of cytokine storms due to immune reactions were thought to disrupt normal 
brain development. Even so, most studies of DISC1 have focused on neuronal activities.  
However, the connection between schizophrenia has recently come to the fore. As one 
review stated, “immunopathogenesis has emerged as one of the most compelling 
etiological models of schizophrenia” (Debnath, 2015). While models relating immune 
effects to schizophrenia are largely correlative, this study provides a concrete link between 
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